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data. 
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SECTION  I 
INTRODUCTION 


Bird  Impact  hazards  to  high  speed,  high  performance,  low  flying  air- 
craft have  become  one  of  the  major  flight  safety  problems  of  the  jet  age. 
This  safety  problem  accompanied  with  the  need  for  design  engineers  to 
design  lightweight  transparencies  poses  many  problems  In  the  selection  of 
materials  for  windshields  and  canopies. 

This  report  describes  studies  that  were  conducted  and  the  material 
testing  accomplished  to  establish  mechanical  properties  of  transparency 
materials  that  could  withstand  the  harsh  environment  to  which  a windshield 
or  canopy  Is  exposed  on  a high  speed,  low  flying  supersonic  aircraft.  It 
was  estimated  that  aerodynamic  heating  could  cause  the  transparency  surface 
temperature  to  reach  300°F,  and  these  high  temperatures  could  occur  at 
low  altitude  where  the  potential  for  a blrdstrlke  Is  greatest.  Based  on 
these  requirements,  materials  testing  was  accomplished  on  monolithic  and 
laminated  transparency  materials  that  had  been  processed  by  qualified 
vendors.  Seven  series  of  tests  were  performed  on  these  selected  high 
temperature  polymer  materials. 

Based  on  prior  transparency  design  reports  and  an  assessment  of  bird 
Impact  testing  results.  It  became  apparent  that  a knowledge  of  the  load 
carrying  ability  was  necessary  for  transparency  materials  subjected  to 
varying  strain-rate  loading  conditions  under  wide  temperature  extremes. 

The  low  strain-rate  (0.01  In. /in. /min.  to  20  In. /In. /min.)  mechanical 
properties  of  transparency  materials  are  required  to  design  for  cabin  pres- 
sure, thermodynamic,  aerodynamic  and  structural  carry- through  loading. 

The  high  strain-rate  (100  In. /in. /min.  to  12,000  In. /In. /min. ) mechanical 
properties  of  the  transparency  materials  are  required  to  design  for  bird 
strike  loading.  In  the  case  of  low  strain- rate  loading,  the  Inherent 
load-carrying  ability  of  a transparency  must  be  such  that  the  limit 
load  can  be  sustained  without  excessive  deformation  or  permanent  set, 
requiring  a knowledge  of  the  elastic  properties  of  the  materials. 


The  load-carrying  ability  of  a transparency  under  high  strain-rate 
conditions  requires  a knowledge  of  the  materials  In  the  plastic  range, 
where  excessive  deformation  can  be  a design  asset  due  to  absorption  of 
the  bird  Impact  shock  load.  To  provide  these  mechanical  properties  the 
complete  stress-strain  histories  of  candidate  materials  are  required. 

To  be  of  maximum  usage,  the  required  material  properties  should  consider 
the  effects  of: 

1.  Rate  of  strain  at  appropriate  testing  temperatures. 

2.  Processing  thermal  history,  manufacturing  methods  and  procedures. 

3.  In-service  aerodynamic  heating  and  service  aging. 

INDUSTRY  SURVEY 

An  Intensive  library  and  Industry  survey  was  undertaken  to  Identify 
transparency  materials,  vendor  capabilities,  and  tabulate  known  mechanical 
properties  of  available  transparency  materials.  The  results  of  this  effort 
Is  documented  In  Section  II. 

STATISTICAL  ANALYSES 

The  accuracies  of  the  Industry  established  mechanical  properties  of 
transparency  materials,  at  best,  are  approximations. 

The  paragraphs  that  follow  provide  an  overview  of  the  statistical 
approach,  presented  In  Section  III  that  should  be  utilized  to  establish 
more  reliable  values  needed  In  the  design  of  windshields  or  canopies. 

Historically,  the  way  of  describing  a material  property  has  been  one 
number  which  characterizes  the  "average"  property  quantitatively.  Such 
a description  of  material  property  tells  nothing  about  the  variability  of 
the  particular  materials.  Unfortunately,  many  transparent  material 
properties  are  listed  In  this  fashion  in  Vendor's  and  Processor's 
literature  in  textbooks,  and  even  In  the  latest  edition  of  MIL-HDBK-17A, 

Part  II.  On  page  1-2  of  this  handbook  It  states: 


"The  data  on  the  mechanical,  thermal,  optical  and  other 
properties  of  transparent  plastics  and  glass  have  been 
selected  from  a number  of  specifications  and  reports. 
Sufficient  test  data  were  not  available  on  all  materials 
for  establishing  design  allowables.  Therefore,  some 
material  property  data  are  only  representative  values 
and  should  be  considered  as  such.  Because  most  con- 
figurations  are  complex,  the  designer  should  prepare 
test  specimens  of  the  final  design  configuration  and 
conduct  confirmation  tests  of  all  critical  design 
factors",  (underlining  by  author) 


It  should  be  mentioned  that  in  MIL-HDBK-17A,  Part  II,  no  indication 
is  given  for  any  material  as  to  whether  "sufficient  test  data"  were  avail- 
able for  it,  or  whether  or  not  its  "material  property  data  are  only 
representative  values".  As  any  transparency  designer  is  aware,  these 
"ball  park"  values  are  the  only  information  easily  available. 

An  example  of  an  excellent  source  for  metallic  properties  is  Military 
Handbook-58.  This  military  design  handbook  is  the  standard  source  book 
in  the  aircraft  industry  for  the  design  strength  properties  of  various 
metals  and  elements.  The  strength  information  is  based  on  statistical 
data  and  is  listed  for  materials  of  various  forms  (sheets,  bars,  casting, 
etc.)  and  of  various  heat  treatments.  The  design  allowable  value  for  the 
material  strength  properties  are  given  such  that  a certain  high  percentage 
of  all  like  material  Is  expected  to  exceed  these  values.  The  statistical 
techniques  employed  are  a means  of  maintaining  a high  level  of  assurance 
in  the  reported  values. 

Section  9 of  MIL-H0BK-5B  fully  describes  the  statistical  techniques 
required  tc  present  acceptable  design  allowable  material  property  values. 
Douglas  adopted  the  methods  outlined  in  MIL-HDBK-5B  In  the  preparation 
of  statistical -accurate  design  allowables  for  the  transparent  material 
tested,  which  is  documented  In  Section  III  of  this  report. 
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SPECIMEN  TESTING,  RESULTS  AND  ANALYSIS 

The  most  viable  transparent  material,  capable  of  meeting  bird  Impact 
requirements  at  minimum  weight,  was  found  to  be  polycarbonate.  Poly- 
carbonate has  potential  applications  as  a monolithic,  as  well  as,  In 
combination  with  other  materials  In  a laminated  form.  As  a laminate,  the 
latest  generation  of  Interlayer  materials  must  be  used  to  sustain  the 
high  temperatures  expected  on  high  speed  aircraft. 

The  testing  descriptions,  results  and  analyses  for  seven  series  of 
tests  are  contained  In  Sections  IV  through  X with  brief  descriptions 
noted  In  the  paragraphs  that  follow.  In  an  endeavor  to  provide  meaning- 
ful and  consistent  data,  where  possible,  ASTM  test  methods  or  ASTM  methods 
that  are  In  the  development  stages  were  utilized  In  defining  the  con- 
figuration of  specimens,  the  test  methods  and  the  data  documentation 
format.  Average  and  design  allowable  stress-strain  curves  were  developed 
from  tests  noted  In  Sections  V through  X and  are  shown  as  appendices  to 
the  respective  sections.  These  curves  were  the  basis  for  the  tabulated 
data  shown  within  each  section. 

Section  IV  presents  a series  of  tests  covering  aerodynamic  heating 
and  service  aging  effects  on  mechanical  properties  of  monolithic  poly- 
carbonate. Previously  It  has  been  demonstrated  that  exposure  of  blsphenol, 
a thin  film  polycarbonate  material,  to  temperatures  above  80°C  (176°F) 
became  Increasingly  less  ductile.  This  was  evidenced  by  accumulative 
decreases  In  Impact  strength,  fracture  energy,  extension  to  break,  and 
Increases  In  tensile  yield  strength.  Other  evidence  Indicated  a degrading 
of  these  mechanical  properties  due  to  weathering  and  storage.  To  determine 
If  mechanical  property  changes  occur  In  sheet  polycarbonate  due  to  aerody- 
namic heating,  a series  of  tensile  and  Impact  tests  were  conducted  at 
room  temperature  on  two  types  of  monolithic  polycarbonate  specimens  that 
had  been  exposed  to  thermal  conditioning  representative  of  the  exposure 
a supersonic  aircraft  would  encounter  during  Its  lifetime.  To  determine 
If  mechanical  property  changes  occur  In  sheet  polycarbonate  due  to  service 
aging,  a series  of  tensile  tests  were  conducted  at  room  temperature  on 
fusion  bonded  monolithic  polycarbonate  specimens  removed  from  a four 
year  old  service-aged  canopy  and  newly  made  transparencies. 
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Section  V presents  the  low  strain  rate  tensile  mechanical  properties 
testing  of  processed  polycarbonate  materials.  This  test  series  was  con- 
ducted to  establish  complete  tensile  stress-strain  curves  and  mechanical 
properties  for  monolithic  polycarbonate  materials  at  various  temperature 
conditions  and  at  low  strain  rates.  Test  specimens  were  made  from  Instru- 
mented beams  and  bird  Impact  test  windshield/ canopies,  or  from  material 
(both  sheet  and  specimen  configurations)  furnished  by  transparency  fabri- 
cators. The  primary  use  for  these  tests  was  to  provide  average  (actual) 
and  design  allowables  for  development,  and  future  design  use  In  computer 
programs.  Additional  uses  were  to  provide  for  evaluation  of  materials  and 
processors,  trade-off  design  studies,  windshield  static  load  design  analysis, 
and  to  provide  test  criteria  for  future  transparency  design  specification 
control  documents.  Maximum  and  minimum  test  temperatures  were  established 
for  tests  based  on  the  flight  profile  of  a supersonic  aircraft. 

Section  VI  presents  the  low  strain  rate  compressive  mechanical 
properties  testing  of  processed  polycarbonate  materials.  This  test  series 
was  conducted  to  establish  compressive  mechanical  properties  of  monolithic 
polycarbonate  materials  as  processed  by  specific  transparency  fabricators. 

The  primary  use  for  these  tests  was  to  provide  average  (actual)  and  design 
allowables  of  processed  polycarbonate  materials  for  development,  and  future 
design  use  In  computer  programs.  Additional  use  was  to  provide  for  static 
load  design  analysis  and  for  evaluation  of  vendors  processes.  Test  speci- 
mens were  made  from  Instrumented  beams  and  bird  Impacted  test  windshields, 
or  furnished  by  specific  transparency  fabricators. 

Section  VII  presents  the  low  strain  rate  shear  mechanical  properties 
testing  of  laminated  Interlayer  materials.  This  series  of  tests  was 
conducted  to  establish  complete  shear  mechanical  properties  of  Interlayer 
materials  as  processed  by  specific  transparency  fabricators.  The  primary 
use  for  these  tests  was  to  provide  average  (actual)  mechanical  properties 
and  design  allowables  for  processed  Interlayer  materials  for  development, 
and  future  design  use  In  computer  programs.  Additional  uses  were: 
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evaluation  of  materials  and  processors,  trade-off  design  studies,  windshield 
static  load  analysis,  and  test  criteria  for  the  windshield/canopy  design 
specification  control  documents.  Test  specimens  were  made  from  instrumented 
beams  and  bird  Impacted  test  windshields,  or  from  material  (both  laminated 
sheet  and  specimen  configurations)  furnished  by  specific  transparency 
fabricators.  Two  types  of  shear  tests  were  conducted:  (1)  a generally 
used  compression  double  shear  test,  and  (2)  a unique  torsional  shear  test. 
Results  of  these  two  types  of  testing  were  compared  to  arrive  at  the  most 
accurate  means  of  testing.  Maximum  and  minimum  test  temperatures  were 
established  for  tests  based  on  the  flight  profile  of  a supersonic  aircraft. 

Section  VIII  presents  the  high  strain  rate  tensile  mechanical  properties 
testing  of  processed  polycarbonate  materials.  This  series  of  tests  was 
conducted  to  provide  average  (actual)  mechanical  properties  and  design 
allowables  for  monolithic  polycarbonate  materials  processed  by  specific 
transparency  fabricators.  The  primary  use  for  these  mechanical  properties 
was  for  development  and  future  design  use  In  computer  analysis  of  a bird 
strike.  These  data  are  also  useful  In  evaluating  materials  processed  by 
transparency  fabricators.  Tests  were  conducted  at  the  maximum  and  minimum 
temperature  conditions  established  by  the  flight  profile  of  a supersonic 
aircraft.  Maximum  strain  rates  due  to  a bird  strike  were  determined  from 
bird  Impact  tests  of  actual  full  size  transparencies.  Tests  were  ac- 
complished at  Terra  Tek,  Inc.,  Salt  Lake  City,  Utah  under  contract  to  Douglas 
for  high  strain  rate  testing.  Test  specimens  were  designed  to  specifications 
furnished  by  Terra  Tek,  Inc.,  and  manufactured  by  specific  fabricators 
receiving  the  same  processing  as  a laminated  aircraft  transparency. 

Section  IX  presents  the  high  strain  rate  compressive  mechanical 
properties  of  processed  polycarbonate  material.  This  series  of  tests 
was  conducted  to  provide  average  (actual)  mechanical  properties  and 
design  allowables  for  monolithic  polycarbonate  materials  as  processed  by 
specific  transparency  fabricators.  The  primary  use  for  these  mechanical 
properties  was  for  development  and  future  design  use  In  computer  analysis 
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of  bird  strike.  Additional  uses  were  to  provide  for  evaluation  of  materials 
and  processors.  Tests  were  conducted  at  the  maximum  and  minimum  tempera- 
ture conditions  established  by  the  flight  profile  of  a supersonic  aircraft. 
Maximum  strain  rates  due  to  a bird  strike  were  determined  from  bird  Impact 
tests  of  actual  full  size  transparencies.  Compression  testing  was  ac- 
complished at  Terra  Tek,  Inc.,  Salt  Lake  City,  Utah,  under  contract  to 
Douglas  for  high  strain  rate  testing.  Test  specimens  were  designed  to 
specifications  furnished  by  Terra  Tek,  Inc.,  and  manufactured  by  specific 
fabricators  receiving  the  same  processing  as  a laminated  aircraft  trans- 
parency. 

Section  X presents  the  high  strain  rate  shear  mechanical  properties 
testing  of  laminated  Interlayer  materials.  This  series  of  tests  was 
conducted  to  provide  average  (actual)  shear  mechanical  properties  and  design 
allowables  for  laminated  Interlayer  materials  as  processed  by  specific 
transparency  fabricators.  The  primary  use  for  these  mechanical  properties 
was  for  development  and  future  design  use  In  computer  analysis  of  a bird 
strike.  This  data  Is  also  useful  In  evaluating  materials  processed  by 
transparency  fabricators.  Tests  were  conducted  at  maximum  and  minimum 
temperature  conditions  established  by  the  flight  profile  of  a supersonic 
aircraft.  The  strain  rates  utilized  were  based  on  maximum  strain  rates 
determined  from  bird  Impact  tests  of  actual  full  size  windshields.  Tests 
were  conducted  at  Terra  Tek,  Inc.,  Salt  Lake  City,  Utah,  under  contract 
to  Douglas  for  high  strain  rate  testing.  Test  specimens  were  designed  to 
specifications  furnished  by  Terra  Tek,  Inc.,  and  manufactured  by  specific 
fabricators  receiving  the  same  processing  as  a laminated  transparency. 

Section  XI  presents  conclusions  and  recommendations  based  on  data 
analysis  and  observations  of  Sections  IV  through  X as  well  as  data 
previously  generated  by  others. 
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SECTION  II 

INDUSTRIAL  SURVEY  AND  REVIEW  OF  MATERIAL  DATA 


The  selection  of  materials  and  processors  were  based  on  design 
requirements  for  a windshield  on  a supersonic  bomber  (reference  1),  and  a 
formed  canopy  on  a supersonic  fighter  (reference  2).  General  design 
concepts  were  developed  using  high  temperature  materials  that  were 
currently  In  military  flight  status,  and  newly  developed  materials. 

Design  concepts  using  structural  core  plies  of  multilayered  laminated 
glass,  multilayered  laminated  polycarbonate  and  monolithic  polycarbonate 
construction  were  Investigated.  Several  types  of  laminating  interlayer 
materials  were  selected,  both  currently  used  and  newly  developed  materials. 
An  Industry  survey  was  undertaken  to  identify  qualified  lamlnators  and 
materials  to  provide  these  requirements.  The  results  of  this  survey,  com- 
pleted in  December  1976,  are  documented  in  Table  1. 

MATERIAL  PROPERTIES  DATA  REVIEW 

An  exhaustive  search  was  made  to  gather  mechanical  properties  data 
for  the  Windshield  Technology  Demonstrator  Program.  Literature  searches 
were  initiated  at  NASA  Scientific  and  Technical  Division,  at  the  Defense 
Documentation  Center,  at  private  and  public  libraries,  at  the  Air  Force 
Flight  Dynamics  Laboratories,  and  from  material  suppliers. 

Current  Industry  tests  and  publications  were  found  to  offer  Incomplete 
and/or  inadequate  information  concerning  high-performance  material  pro- 
perties of  many  promising  aircraft  transparency  materials.  Such  properties 
are  essential  to  effect  a proper  balance  of  structural  efficiency,  safety, 
minimum  weight  designs,  provide  a solid  basis  for  design  trade-off  studies, 
and  material/fabrication  specification  tests. 


Prior  industry  work  in  the  determination  of  mechanical  properties 
was  concerned  with  materials  testing  at  low  strain  rate  and  moderate 
temperatures.  Properties  so  obtained  were  found  to  be  typical  elastic 
mechanical  properties  without  reference  to  strength  variation.  Such 
material  properties  v/ere  considered  inaccurate  and  incomplete  for  design 
and  specification  tests  of  this  program.  Existing  American  Society  of 
Testing  Materials  (ASTM)  and  Federal  Standard  Methods  of  Testing  procedures, 
if  followed,  would  have  provided  much  of  this  needed  data  (see  * data  below). 

Existing  test  data  reports  were  found  to  provide  inadequate  or  none  of 
the  following  required  test  data: 

1.  ‘Complete  identification  of  material  tested 

2.  *Conditioning  procedures  used 

3.  ‘Atmospheric  conditions  in  test  room 

4.  ‘Number  of  specimens  tested  (5  minimum) 

5.  ‘Speed  of  testing 

6.  ‘Stress  value  at  yield  or  break,  average  value  and  standard 

deviation. 

7.  ‘Modulus  of  elasticity,  average  value  and  standard  deviation 

8.  True  ultimate  tensile  stress  at  break,  average  value  and 
standard  deviation 

9.  Secant  modulus,  average  value  and  standard  deviation 

10.  True  ultimate  strain  value  to  break  point,  aver?ne  value  and  standard 

deviation. 

I 

By  use  of  this  reported  test  data  the  designer  can  reconstruct  the 
complete  stress-strain  history  (elastic  and  plastic  properties)  of  the 
test  material,  and  can  calculate  a design  allowable  or  minimum  anticipated 
value  by  statistical  methods  where  required  for  a specific  processed 
material . 


Tables  2 and  3 show  the  typical,  single  value,  physical  and  mechanical 
properties  as  published  on  specific  materials  of  interest  for  this  oroqram. 
Stress-strain  data  curves  are  not  Included,  as  published  data  were  either 
not  available,  inadequate,  or  incomplete. 
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TABLE  2.  TYPICAL  PROPERTIES  OF  TRANSPARENT  HIGH  TEMPERATURE  STRUCTURAL  MATERIALS 


2. )  Crosshead  speed  noted  (if  available). 

3. >  See  standard  test  method  for  definition  of  symbols. 


TABLE  3.  TYPICAL  PROPERTIES  OF  TRANSPARENT  HIGH  TEMPERATURE  INTERLAYER  MATERIALS 


NOTES:  1.)  Tests  conducted  at  standard  room  temperatures  unless  otherwise  noted. 
2.)  Crosshead  speed  noted  (If  available). 


Most  tensile  stress-strain  curves  were  found  to  show  only  the  portion 
of  the  stress-strain  relation  through  yield  stress,  and/or  did  not  take 
into  account  the  reduced  area  of  the  test  section  In  the  plastic  portion 
of  the  curve,  giving  an  erroneous  value  for  rupture  stress  and  rupture 
strain. 

MATERIALS  RESEARCH 
Plycarbonate  Plastic  Material 

The  1/4-  and  l/2-1nch  thick  "Tuffak"  polycarbonate  sheets  manufactured 
by  Rohm  & Haas  Co.,  were  furnished  to  DAC  to  be  evaluated  and  compared  with 
SL3000  polycarbonate  manufactured  by  General  Electric  Co.  The  basic  poly- 
carbonate resin  used  in  extruding  these  polycarbonate  sheets  was  manufactured 
by  Mobay  Chemical  Co.  These  polycarbonate  sheets  have  a UV  absorber  added 
to  give  It  superior  outdoor  weathering  characteristics.  Rohm  & Haas  used 
Mobay's  low  molecular  weight  resin,  designated  as  M-40,  to  achieve  better 
optical  properties,  specifically  light  transmission  and  low  haze  content. 

High  haze  content  is  usually  contributed  to  small  amounts  of  contaminants 
and  trace  reaction  chemicals. 

“Merlon"  Is  the  trade  name  for  Mobay's  polycarbonate  resin.  This 
thermoplast  •:  resin  Is  a linear  aromatic  polyester  of  carbonic  acid.  Its 
structure  is: 


X may  represent  100  to  800  units  or  more 

The  molecular  wleght  of  a single  unit  Is  254.  Polymers  may  have  a 
molecular  weight  of  25,000  to  more  than  200,000.  In  commercial  practice, 
however,  the  molecular  weight  range  Is  25,000  to  70,000. 
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Basically,  there  Is  no  significant  difference  between  G.E.  "Lexan" 
and  Mobay's  "Merlon"  polycarbonate  resin.  The  only  difference  In  the 
chemical  process  used  to  manufacture  this  linear  aromatic  polyester  of 
carbonic  acid  is  the  trace  reaction  chemical  impurities  and  contamina- 
tions. Either  of  these  constituents  can  influence  physical,  chemical,  or 
optical  properties  of  polycarbonate  resin.  Inorganic  as  well  as  organic 
contaminants  can  seriously  reduce  the  physical  or  mechanical  properties  of 
the  resin.  This  condition  can  be  Improved  or  further  degraded  by  Improper 
extrusion  of  the  polycarbonate  sheet. 

Viscosity  Index  and  compression  moldings  are  used  by  Rohm  & Haas  as 
a Quality  Control  Inspection  for  Mobay's  incoming  polycarbonate  resin. 

The  viscosity  index  Is  used  to  check  overall  molding  and  extruding 
properties.  The  compression  molding  Is  chiefly  used  to  evaluate  the 
haze  and  light  transmission  properties  of  the  resin  and  to  quantitatively 
determine  the  amount  of  contamination  in  the  resin. 

The  extreme  high  and  low  molecular  weight  are  generally  not  used  to 
produce  quality  polycarbonate  sheet  for  aircraft  glazing.  The  lower  and 
light  molecular  fractions  are  generally  used  for  adjusting  injection 
molding  properties  and  characteristics,  such  as  flow,  viscosity,  melt 
Index,  and  other  chemical  properties.  Intrinsic  viscosity  Is  used  by 
Industry  as  an  analytical  quality  control  tool  for  determining  the 
molecular  weight  spectrum  of  organic  polymers.  Molecular  weight  plotted 
against  Intrinsic  viscosity  can  be  readily  established  (reference  3). 
Mechanical  properties  can  be  correlated  to  specific  molecular  weights  or 
ranges  (reference  4).  The  molecular  weights  range  and/or  Intrinsic  viscosity 
limits  can  be  easily  established  for  controlling  material  physical  properties. 
G.E.  representatives  stated  that  mechanical  property  variance  from  batch- 
to-batch  of  resin  should  be  small  due  to  the  viscosity  control  of  SL3000 
sheet  material. 
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SECTION  III 
MATHEMATICAL  ANALYSIS 


( 

The  basic  effort  of  this  report  was  to  establish  design  allowables 
for  laminated  transparency  plastic  materials.  These  design  allowables 
of  specific  plastic  structural  ply  and  interlayer  materials  were  to  be 
developed  on  a basis  similar  to  the  requirements  of  MIL-HDBK-5B.  To  meet 
the  requirements  for  the  statistical  minimum  (design  allowable)  stress- 
strain  curves,  points  from  developed  test  stress-strain  curves  were 
statistically  analyzed  for  normal  (Gaussian)  distribution  and  points  on 
the  design  curve  calculated  by  methods  outlined  in  MIL-HDBK-5B.  These 
procedures  allowed  the  development  of  design  allowable  stress-strain 
curves  by  taking  into  account  the  sample  size,  and  the  desired  confidence 
level.  After  generating  the  design  curve,  specific  design  allowables  were 
determined  for  use  in  the  Ramberg-Osgood  curve  formula  (Reference  5),  which 
provided  for  the  complete  design  stress-strain  curve  input  into  a computer 
program  for  bird  strike  analysis. 

* Design  mechanical  properties  allowables  presented  in  this  report  are 
based  on  small  samples  and  a limited  number  of  heat  lots  of  a material. 
These  heat  lots  are  based  on  specific  proprietary  manufacturing  methods  and 
interlayer  formulations  which  may  change.  Therefore,  the  definition  of  the 
statistical  propulation  must  be  sufficiently  restrictive  to  ensure  that  the 
design  allowables  are  realistic  and  useful.  This  is  accomplished  by 
establishing  the  range  of  products  for  which  the  given  mechanical  property 
allowable  can  be  characterized  by  a single  statistical  population.  The 
statistical  population  of  a processed  material  can  be  compared  with  the 
published  design  allowable  of  the  test  material  by  application  of  appro- 
priate statistical  tests  of  significance.  In  this  section,  two  tests  (the 
F and  t tests)  are  described  for  use  In  determining  whether  a sample 
belongs  to  the  same  population  as  the  published  design  allowable  of  the 
test  material. 


STATISTICAL  AND  MATHEMATICAL  SOLUTION  FOR  DEFINING  DESIGN  ALLOWABLES 


The  steps  taken  in  the  development  of  mechanical  property  design  allow 
ables  is  presented  in  diagram  form  in  Figure  1.  The  following  paragraphs 
in  this  section  define  these  steps  in  detail. 


Definitions 

The  following  definitions  define  the  terms  used  in  this  section  and 
following  sections  of  this  report. 


1.  Load  Rate  (crosshead  rate) 


2.  Strain  Rate 


3.  Gage  Length  (1Q) 


4.  Yield  Strength 


5.  Shear  Strain  (radians) 


The  change  in  load  carried  by  the 
specimen  per  unit  time  in  units  of 
inches  per  minute  or  inches  per  second. 

The  rate  of  loading  the  test  specimen  per 
inch  of  gage  length,  in  units  of  inches 
per  inch  per  minute  or  inches  per  inch 
per  second. 

The  original  length  of  that  oortion  of 
the  specimen  over  which  strain  or 
change  in  lenath  is  determined. 

The  stress  at  which  deformations 
cease  to  be  elastic  and  become 
permanent,  due  to  the  onset  of 
plastic  flow.  The  maximum  load  point 
for  polycarbonate. 

Shear  strain  is  defined  by  the  eauation 
V - tan-1  £ 

where  h is  the  amount  of  shear  defor- 
mation of  an  Interlayer 
t is  the  Interlayer  thickness 
V is  the  shear  strain. 
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Figure  1.  31ock  Diagram  - Design  Curve  Development. 


6.  Shear  Strain  (In. /In.) 

7.  Relative  Toughness  (PSI) 

8.  Compressive  Strength  (PSI) 

9.  Compressive  Stress  (PSI) 


Shear  strain  Is  the  angular  change  be- 
tween two  originally  orthogonal  lines  In 
a body  when  the  body  Is  subjected  to 
shear  straining. 

- V B ^ commonly  used  by  the  transparency 
Industry. 

- The  area  under  the  tensile  stress-strain 
curve.  This  parameter  Is  a measure  of 
the  energy  required  to  break  the  speci- 
men. When  the  total  work  to  affect 
rupture  Is  low,  the  material  is  said  to 
be  brittle. 

- The  maximum  compressive  stress  (nominal) 
carried  by  a test  specimen  during  a 
compression  test. 

- The  compressive  load  per  unit  area  of 
minimum  original  cross  section  area 
within  the  gage  boundaries. 


10.  Compressive  Strain  (in. /In.)  - The  change  in  length  per  unit  of  original 

length  along  the  longitudinal  axis. 


11.  Engineering  Tensile  Stress 
(PSI) 


12.  Engineering  Tensile  Strain 
(In. /in.) 


- The  tensile  load  per  unit  area  of  mini- 
mum original  cross  section  area  within 
the  gage  boundaries. 

- The  change  In  length  per  unit  of  original 
gage  length  within  the  gage  boundaries. 


13.  True  Tensile  Stress  (PSI)  - The  tensile  load  per  unit  of  the 

Instantaneous  minimum  cross  section 
area  within  the  gage  boundaries. 

14.  True  Tensile  Strain  (In./  - The  change  In  length  per  unit  of 

Instantaneous  length  within  the  gage 
boundaries. 
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15.  Significance  Level 


- Risk  of  concluding  that  two  sanples 
were  drawn  from  different  populations 
when,  in  fact,  they  were  drawn  from 
the  same  population.  A significance 
level  of  a = 0.05  is  employed  through- 
out these  Guidelines.* 

16.  Confidence  Interval  Estimate-  Range  of  values,  computed  from  the 

sample,  that  is  expected  to  include 
the  population  variance  or  mean. 

17.  Degrees  of  Freedom  - Number  of  independent  comparisons 

afforded  by  a sample. 

18.  Design  Allowable  - The  calculated  minimum  mechanical  property 

for  a specific  heat  lot  or  several  heat  lots 
of  material.  The  statistical  confidence 
associated  with  these  design  allowables  Is 
95  percent.* 

19.  Heat  - All  material  of  the  same  composition 

or  product  type.  (A  heat  may  be  divided 
into  several  lots  by  subsequent 
processing.) 

20.  Lot  - All  material  from  a heat  or  the  same 

product  type  having  the  same  subsequent 
processing  (thermal  and  mechanical). 


Tpje  Tensile  Stress-Strain  Curve  Develop 


The  engineering  stress-strain  curve  does  not  give  a true  Indication 
of  the  deformation  characteristics  of  a material  because  It  is  based 
entirely  on  the  original  dimensions  of  the  specimen.  These  dimensions 
change  continuously  durinq  the  test.  This  dimensional  change  is  quite 
noticeable  when  the  specimen  undergoes  appreciable  change  in  cross-sectional 


♦This  is  appropriate,  since  a confidence  level  1 - a s 0.95  is  used  in 
establishing  A,  8 and  C values. 


I 


' 


f: 


area.  This  commonly  occurs  in  the  highly  elongated  regions  of  plastic 
materials.  Thus,  measures  of  stress  and  strain  which  are  based  on  the 
instantaneous  dimensions  are  needed.  Since  dimensional  changes  are  small 
in  elastic  deformation,  it  is  not  necessary  to  make  this  distinction  in 
this  region.  The  derivation  of  true  stress  and  true  strain  and  its 
application  to  material  properties  follows. 

Test  curve  data  are  received  as  a plot  of  load  (pounds)  versus  strain 
(inches).  Test  specimen  measurement  data  furnished  with  each  curve  includes 
gage  length  Ug)»  initial  cross  sectional  area  (Aq),  cross  sectional  area 

measured  after  rupture  (A  ),  and  elongation  of  specimen  to  rupture  (j.  ). 

P P 

The  tensile  load-strain  curve  is  converted  to  a tensile  stress-strain 
curve  by  establishing  stress  (a)  and  strain  (e)  scales,  plotting  the 
rupture  point,  and  drawing  a line  tangent  to  the  elastic  portion  of  the 
curve  to  the  rupture  point  as  illustrated  in  Figure  2.  The  vertical  stress 
scale  is  established  by  dividing  the  load  increment  (aP)  by  AQ.  The 
horizontal  strain  scale  is  established  by  dividing  strain  (ai)  by 
The  tensile  curve  rupture  point  true  stress  (Jr)  and  true  strain  (ef) 
coordinates  were  determined  as  follows: 


where  P is  the  tensile  load  on  the  test  specimen,  and  AQ  is  the  initial 
cross  sectional  area  of  the  test  specimen. 


The  true  stress,  by  definition,  is 


where  A is  the  instantaneous  sectional  area  of  the  test  specimen  under 
the  load  P.  A is  approximately  equal  to  Ap  when  the  plastic  strains  are 
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Load  (lbs) 

True  Stress  (Lbs/In. 


large  compared  with  the  elastic  strains.  Ap  is  the  minimum  cross  sectional 
area  of  the  specimen  after  removal  of  the  load  P.  Therefore, 


P P 

V " JT  " r 


(3) 


under  plastic  straining  the  volume  is  constant  and 


A * At 
p p oo 


(4) 


where  i is  the  length  of  the  strained  part  of  the  specimen  after  removal 
of  the  load  P,  and  iQ  is  the  initial  length  of  the  strained  part  of  the 
specimen. 


From  Equation  4 


At 
o o . 


P *r 


Since  the  plastic  strain,  by  definition,  is 

At  1.  t 

, 3 __e.  = p 0 - _E. . i 

ep  i t 

r 0 0 0 


(5) 


or 


then 


1 ♦ « - f 

P 


eP  3 E • r 


(6) 


Substituting  equation  (4)  in  equation  (3)  and  combining  with  equation  (5) 

P 


* a(l  + ep)  3 d(l  + e - . 


° 

0 0 

The  true  strain,  by  definition,  is  given  by 


(7) 


/ p *t  ■ J p r 3 L"  r 


(3) 
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thus  considering  equation  (4) 


The  plastic  range  of  the  true  stress-strain  curve  was  drawn  as  a 
straight  line  because  means  were  not  available  to  accurately  determine 
test  specimen  cross  sectional  area  reduction  versus  load  during  plastic 
elongation.  The  straight  line  assumption  for  the  plastic  portion  of  the 
curve  is  considered  conservative  as  the  final  area,  was  calculated 
after  the  observed  elastic  snap-back.  An  approximation  of  the  cross 
sectional  area  increase  based  on  the  observed  gap  after  snap-back  gave 
a ten  percent  higher  value  for  stress  at  ruptures. 

Design  Allowable  Stress-  Strain  Curve  Development 

To  meet  the  requirement  for  design  allowable  stress-strain  curves,  the 
developed  stress-strain  curves  for  a series  of  repeated  tests  were 
statistically  analyzed  using  methods  outlined  below  for  normal  (or 
aaussian)  distribution.  The  statistical  methods  used  ih  MIL-HDBK-5B  are 
normally  used  In  determining  specific  design  strength  values  such  as 
tensile  ultimate  strength,  tensile  yield  strengths,  compressive  yield 
strength,  etc.  In  a similar  manner  these  methods  were  adapted  to 
determine  specific  stress  or  strain  values  on  the  design  allowable  curve 
for  a number  (n)  of  stress  or  strain  values  ( X ^ ) on  the  tensile  stress- 
strain  curve  as  illustrated  in  Figure  3,  and  compression,  shear  stress- 
strain  curve  as  illustrated  in  Fiqure  4. 

From  the  analysis  of  the  sample  size  (N),  the  mean  stress  (X), 

X * rX^N  , (9) 
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TRUE  STRAIN  (IN/IN) 


Figure  3.  Design  Tensile  Stress-Strain  Curve  Development 
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Strain  (In. /in.) 


f'- 


Figure  4.  Design  Shear  and  Compression  Stress-Strain  Curve  Development. 


and  the  standard  deviation  (s). 


V^xi  - x): 


/N  - 1 


(10) 


are  computed.  A normality  check  was  made  using  the  Kolmogorov-Smirnov 
test  (Reference  6 ) as  follows:  A plot  of  the  cumulative  normal  curve 
distribution  function  was  determined  by  numerical  integration  of  the 
function 


l 

(2  tt) 


T72 


; T - 


(x  - x) 
s 


(11) 


A plot  of  the  sample  cumulative  distribution  function  SR(X)  was  super- 
imposed upon  the  normal  curve  distribution  and  compared  with  critical 
values  of  D in  the  table  of  values  for  Kolmogorov-Smirnov  test  as  illus 
trated  in  Figure  5.  Sample  stress  values  that  are  within  the  critical 
values  of  D are  considered  as  normally  distributed.  The  normally  dis- 
tributed stress  points  are  then  analyzed  to  determine  the  design 
allowable  stress  point 


(od)  = )f  - ks,  (12) 

where  k is  the  one-sided  tolerance  factor  for  the  normal  distribution 
from  MIL-HDBK-5B,  Table  9. 6. 4.1.  These  k values  take  into  account  both 
the  sample  size  and  desired  confidence  level  for  A basis,  B basis,  or  C 
basis  curves  as  shown  and  defined  In  Figure  6. 

Ramberg-Osgood  Stress-Strain  Curve  Formula 

A Ramberg-Osgood  type  formula  (Reference  5)  was  used  for  describing 
material  properties  for  computer  analysis  (Reference  7).  The  Ramberq- 
Osgood  formula  describes  the  stress-strain  curve  in  terms  of  three 
parameters;  namely.  Young's  modulus  and  two  secant  yield  strenaths. 
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e 5.  Graphical  Presentation  of  Normalitv  Check. 
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(51)  J<nD*j  uo^nq^s^p 


Dimensionless  charts  are  derived  from  this  formula  for  determining 
the  stress-strain  curve  for  which  these  three  parameters  are  known.  The 
Ramberg-Osgood  formula 


— = — + K'  (2-)n 
eo  °o  °o 

describes  the  dimensionless  diagram  as  shown  in  Figure  7 where  k'  and  n 
are  material  properties.  The  secant  modulus  (EQ)  that  best  describes  the 
design  curve  for  polycarbonate  was  found  to  be  the  tangent  of  the  stress- 
strain  point  at  the  Intersection  of  the  elastic  and  plastic  portions  of 
the  stress-strain  curve  which  is  reported  for  each  design  curve.  The  term 
K'  is  determined  from  the  ratio 


The  n term  is  determined  by  solving  the  Ramberg-Osgood  formula,  knowing 

K'  and  the  guantities  e„,  a . e , a , as  shown  from  the  design  stress- 

0 0 r r 

strain  curve  in  Figure  7. 
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Material  Properties  Computer  Program  Development 

The  design  allowable  stress-strain  curves  were  constructed  by  comouter 
programs  developed  specifically  for  this  project  in  conjunction  with  existing 
Douglas  programs.  The  steps  taken  in  the  computer  programs  are  diagramed 
in  Figure  3,  and  defined  in  the  following  paragraphs. 


The  true  tensile  stress-strain  test  curves  were  converted  to  a format 
that  was  usable  in  a computer  program.  The  method  selected  uses  parametric 
cubic  (PC)  geometry,  which  is  a mathematical  technigue  for  describing 
bounded  3-dimensional  curves  and  surfaces  in  a form  that  satisfies  the  need 
for  speed,  accuracy,  and  manipulative  flexibility.  This  oarticular  case 
was  limited  to  2-dimensional  curves  (Reference  8).  Proprietary  Douglas  sub- 
routines were  used  to  accomplish  these  parametric  cubic  operations. 
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Material  Properties  Computer  Programs  Diagram. 

THIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 
TBCkM  COPY  FURNISHED  TO  LDC  _ 


The  true  stress-strain  test  curves  must  first  be  "digitized",  that  is, 
a sufficient  number  of  points  to  ensure  accuracy  must  be  selected  on  each 
curve  and  the  stress-strain  coordinates  determined.  A Gerber  Flat  Bed 
Plotter  with  an  optical  line  follower  was  used  to  do  this.  A TV  camera 
transmits  a picture  of  the  curve  with  a cross-hair  superimposed  to  a 
remote  screen.  Because  PC  curves  were  used,  relatively  few  points  were 
required  and  the  operator  moves  the  cross-hair  manually  to  each  point  to 
be  digitized.  The  datasets  generated  are  then  moved  to  a file  for  later 
use. 


A dataset  containing  the  stress-strain  coordinates  of  points  on  the 
test  curve  is  accessed  by  a Douglas  proprietary  PC  spline  fit  program. 

This  program  creates  a cubic  equation  between  each  pair  of  points  and 
forces  the  slope  and  curvature  of  adjacent  cubic  curves  to  match.  The 
result  is  a series  of  smooth  cubic  curves  which  contain  all  of  the  oriqinal 
points.  The  new  dataset,  containing  the  constants  of  the  bounded  cubic 
curves,  is  now  moved  to  a permanent  disc  storage  file.  This  dataset 
contains  the  constants  for  the  cubic  equations  required  to  represent  a 
number  of  true  stress-strain  test  curves  of  the  same  material  and  is 
assigned  a unique  name. 

Two  very  similar  proarams  were  developed.  One  to  handle  tension  curves 
and  the  other  to  handle  shear  and  compression  curves.  Since  the  two 
programs  are  similar  they  are  discussed  together  and  the  differences 
noted. 

The  proqrams  were  written  In  Fortran  IV  and  were  run  using  the  McAuto 
West  Time  Sharing  Option  (TSO)  ®n  the  IBM  System/370  Operating  System  at 
Long  Beach,  California. 

The  following  Is  a simplified  outline  of  the  steps  taken  by  the  programs, 
as  diagramed  In  Figure  8. 

1.  Read  In  Data  - The  appropriate  daiaset  (or  datasets)  Is  accessed  and 

the  PC  constants  for  a number  of  stress-strain  curves  are  read. 
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Discard  Curves  - At  this  point  it  is  possible  to  discard  one  or  more 
of  the  stress-strain  curves.  This  would  be  done  if  for  some  reason, 
it  was  determined  that  a particular  curve  did  not  belong  in  this  family 
of  curves.  A mechanical  flaw  in  a test  specimen  would  be  a typical 
cause  for  discarding  a curve. 

Correct  Data  Scale  - The  stress  and  strain  scales  of  the  digitized 
curves  are  sometimes  factored  to  facilitate  the  PC  spline  fit.  If 
this  was  done,  corrective  scale  factors  would  be  entered  at  this  point. 

Test  Specimen  Printout  (Tension  Only)  - The  identification  of  each 
stress-strain  curve  and  the  end  point  (rupture  point)  stress  and  strain 
values  are  printed. 

Find  Maximum  Stress  and  Strain  at  Maximum  Stress  for  Each  Test  Curve  - 
(Shear  and  Compression  Only)  - Find  the  maximum  stress  point  on  each 
PC  (parametric  cubic  curve)  in  a test  curve.  Select  the  maximum  stress 
point  from  this  group  of  points  and  find  the  strain  value  at  that 
point.  Repeat  this  step  for  each  test  curve.  The  test  curve  with 
the  maximum  stress  point  will  be  the  base  curve  for  other  calculations. 

Test  Specimen  Printout  (Shear  and  Compression  Only)  - The  identification 
of  each  stress-strain  curve,  the  maximum  stress  value  and  the  strain 
value  at  the  maximum  stress  point  are  printed. 

Find  the  Strain  Values  and  the  Standard  Deviation  for  the  Average 
Curve  and  the  A Basis,  3 Basis,  and  C Basis  Design  Curve  Rupture 
Points.  (Tension  Only)  - Pass  the  rupture  point  (end  point)  strain 
values  for  each  test  curve  to  subroutine  AVABC  (call  AVABC) . 
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Subroutine  AVABC: 

A.  Find  the  sample  mean  (average  value)  and  standard 
deviation  of  a set  of  values  per  MIL-liDBK-53 , Section 
9. 2. 2. 3. 

B.  Test  each  value  for  normality  using  "The  Kolmogorov- 
Smirnov  Test  for  Normality  with  [lean  and  Variance  Un- 
known". (Reference  6 ).  This  is  accomplished  by  first 
calculating  the  difference  between  the  sample  cumulative 
distribution  function  and  the  cumulative  normal  distribut- 
ion function.  This  difference  is  compared  with  a criti- 
cal value  taken  from  a table  of  critical  values  for 
sample  sizes  up  to  40  and  has  a level  of  significance 

of  0.05  (confidence  level  of  95  percent)  (Reference  6). 
The  point  is  from  a normal  distribution  if  the  difference 
is  less  than  or  equal  to  the  critical  value.  If  the 
difference  is  greater  than  the  critical  value  a "not 
normal"  warning  printout  is  made.  The  strain  and 
stress  values  of  the  point,  the  critical  value,  and 
the  calculated  difference  are  printed.  The  proqran 
continues  regardless  of  normality. 

C.  Find  the  A basis,  3 basis,  and  C basis  design  curve 
points  for  the  set  of  values  by  multiplying  the  sample 
standard  deviation  by  a one-sided  tolerance  factor  and 
subtracting  from  the  sample  mean  as  indicated  in  MIl- 
HDBK-5B , Section  9. 2. 7. 2.  The  one-sided  tolerance 
limit  factor  corresponds  to  a proportion  at  least  0.99 
of  a normal  distribution  and  a confidence  coefficient 
of  0.95  for  an  A basis  curve  point.  (0.90  for  B basis 
curve  and  0.75  for  a C basis  curve  with  a confidence 
coefficient  of  0.95).  These  factors  were  taken  from 
MIL-HDBK-5B,  Table  9. 6. 4.1,  Section  9.6.4. 

0.  Return  to  main  program  at  point  of  call  to  subroutine 
AVABC. 
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3.  Find  the  Stress  Values  and  the  Standard  Deviation  for  the 


Average  Curve  and  the  A Basis,  B Basis,  and  C Basis  Design  Curve 
Rupture  Points  (Tension  Only)  - Pas.'  the  rupture  point  (end 
point)  stress  values  for  each  test  curve  to  subroutine  AVABC 
(call  AVABC).  See  Subroutine  AVA3C  in  Step  7. 

9.  Find  the  Strain  Values  and  the  Standard  Deviation  for  the 

Average  Curve  and  the  A Basis,  B Basis,  and  C Basis  Design  Curve 
Maximum  Stress  Points  (Shear  and  Compression  Only)  - Pass  the 
maximum  stress  point  strain  values  for  each  test  curve  to  sub- 
routine AVABC  (call  AVABC).  See  Subroutine  AVABC  in  Step  7. 

10.  Rupture  Printout  (Tension  Only)  - Rupture  strain  and  stress 
and  standard  deviation  values  are  printed  for  the  average 
curve  and  the  A basis,  B basis,  and  C basis  design  curves. 

11.  Maximum  Strain  on  the  Test  Curves  (Shear  and  Compression 
only)  - The  number  of  the  test  curve  with  the  maximum  strain 
and  the  maximum  strain  value  are  printed  out.. 

12.  Truncate  Test  Curves  (Tension  Only)  - Each  test  curve  has  a 
straight  line,  tangent  to  the  test  curve,  to  the  rupture 
point.  The  test  curve  that  has  the  tangent  point  with  the 
maximum  strain  is  identified  as  the  base  curve.  All  of  the 
test  curves  are  tnen  truncated  at  the  strain  value  of  the 
tangent  point  on  the  base  curve  or  extended  at  the  slope  of 
the  tangent  line  to  the  strain  value  at  the  base  curve 
tangent  point.  The  number  of  the  base  curve  and  strain  value 
at  which  the  test  curves  are  truncated  are  printed. 

13.  Truncate  Test  Curves  (Shear  and  Compression  Only)  - If  the 
strain  value  at  the  maximum  stress  point  on  a test  curve  is 
less  than  the  strain  value  at  the  maximum  stress  point  on  the 
base  curve,  the  test  curve  is  truncated  at  the  maximum  stress 
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point  and  then  extended  at  a constant  stress  value  to  the 
strain  value  of  the  base  curve  maximum  stress  point.  If  the 
strain  value  of  the  test  curve  maximum  stress  point  is  equal 
to  the  strain  value  of  the  base  curve  maximum  stress  point, 
the  test  curve  is  truncated  at  the  strain  value  of  the  base 
curve  maximum  stress  point. 

14.  Calculate  Stress  and  Strain  Values  for  Points  on  the  Average 
Curve  and  A Basis,  B Basis,  and  C Basis  Design  Curves  - The 
number  of  PC  (parametric  cubic)  lines  in  the  averaqe  and 
design  curves  will  be  equal  to  or  greater  than  the  number  of 
PC  lines  in  the  truncated  base  test  curve.  The  following 
procedure  is  executed  for  each  PC  line  in  the  base  curve: 

A.  Divide  the  base  curve  PC  line  into  equal  strain  in- 
tervals to  obtain  seven  strain  values  includinq  the 
beginning  and  end  points. 

B.  Find  the  stress  values  at  the  points  on  each  test 
curve  with  seven  strain  values  from  the  base  curve. 

C.  Pass  the  sets  of  seven  stress  values  for  each  test 
curve  to  subroutine  AVABC.  (call  AVABC).  See  sub- 
routine AVABC  in  Step  7. 

D.  Subroutine  AVABC  will  return  seven  stress  and  strain 
values  for  points  on  the  average  and  A basis,  B basis, 
and  C basis  design  curves.  Four  of  these  points  on 
the  A basis  curve  (points  one,  three,  five  and  seven) 
are  used  to  calculate  the  coefficients  of  a PC  line 
which  will  pass  through  the  points  exactly.  The 
remaining  three  points  (points  two,  four,  and  five) 
are  checked  to  see  if  they  are  within  0.001  units  of 
the  PC  line.  If  one  of  the  points  is  more  than 

0.001  unit  from  the  A basis  curve  PC  line,  the 
base  test  curve  PC  line  Is  cut  in  half  and  Steps  A, 

3,  and  C are  repeated  for  the  first  half. 
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£.  Calculate  the  coefficients  for  PC  lines  for  the 
averaae  and  B basis  and  C basis  design  curves  over 
the  same  strain  interval  as  the  A basis  curve. 

F.  If  the  base  test  curve  PC  line  was  cut  in  half,  repeat 
Steps  A,  B,  C,  D,  and  E for  the  remaining  half. 

1 5 . Yield  Stress,  Secant  Value  and  Standard  Deviation  Printout 
(Tension  Only)  - The  yield  stress  is  assumed  to  be  at  the 
strain  value  used  to  truncate  the  test  curves  in  Step  12. 

The  yield  stress  is  divided  by  the  strain  at  that  point  to 
qive  the  secant  value.  Yield  stress,  secant  to  yield  stress 
and  standard  deviation  values  are  printed  for  the  averaqe  and 
the  A basis,  B basis,  and  C basis  desiqn  curves. 

16.  Extend  the  Average  and  Desiqn  Curves  to  the  Rupture  Points 
(Tension  Only)  - The  average  curve  and  the  A basis,  3 basis, 
and  C basis  desiqn  curves  from  Step  14  are  cut  off  at  the 
strain  value  of  the  base  test  curve  tangent  point.  The  co- 
efficients of  the  PC  lines  which  will  join  the  curves  with 
their  respective  rupture  points  are  now  calculated.  The  rup- 
ture points  were  calculated  in  Steps  7 and  8.  The  averaqe 
and  design  curves  are  now  complete. 

17.  Secant  Modulus  of  Elasticity  - As  an  aid  in  establishing  the 
modulus  of  elasticity  it  is  assumed  that  the  curve  is  straight 
line  from  the  origin  to  the  end  point  of  the  second  PC.  The 
modulus  is  obtained  by  dividing  the  end  point  stress  by  the  end 
point  strain.  The  end  point  strain  (in. /in.)  and  secant  modulus 
(lb/in.  ) are  printed  for  tension  and  compression  design  curves. 
The  printout  for  shear  design  curves  Is  shear  strain  (Radians) 
and  shear  secant  modulus  (Ib/in.  ).  This  is  repeated  to  the 
end  points  of  the  fourth,  sixth  and  eighth  PC's. 
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18.  Truncate  the  Average  and  Design  Curves  at  the  Maximum  Stress 
Point  Strain  Value  (Shear  and  Compression  Only)  - The  average 
curve  and  the  A basis,  B basis,  and  C basis  design  curves  from 
Step  14  are  limited  by  the  strain  value  of  the  base  curve  max- 
imum stress  point.  If  this  limit  strain  value  is  greater  than 
the  maximum  stress  point  strain  value  calculated  in  Step  9, 

the  curve  is  truncated  at  its  maximum  stress  point  strain  value. 
The  average  and  design  curves  are  now  complete. 

19.  Area  Under  the  Average  Curve  is  Calculated  and  Printed 
(Tension  Only)  - The  area  under  each  PC  (parametric  cubic 
line)  In  the  average  curve  is  found  by  a simple  integration 
of  the  cubic  functions.  The  sum  of  these  areas  is  the  area 
under  the  average  curve. 

20.  Maximum  Stress  on  Design  Curves  (Shear  and  Compression  Only) 

The  maximum  stress,  strain  value  at  the  maximum  stress  point 
and  standard  deviation  are  printed  for  the  average  curve  and 
the  A basis,  B basis,  and  C basis  design  curves. 

21.  Modulus  of  Elasticity  - The  modulus  of  elasticity  and  the 
standard  deviation  are  calculated  at  a strain  value  corres- 
ponding to  the  second  digitized  point  on  the  base  curve  and 
are  then  printed  out  for  the  average  curve  and  the  A basis, 

B basis,  and  C basis  design  curves. 

22.  Preview  Plots  - The  test  curves,  the  average  curve,  and  the 
A basis,  B basis,  and  C basis  design  curves  can  be  displayed 
on  a Tektronics  4014  or  Computek  400  graphic  tube.  Whether 
or  not  all  of  the  design  curves  are  usable  can  be  determined 
at  this  point.  The  curves  can  be  hard  copied  on  a unit  atta- 
ched to  the  graphics  tube  but  the  resulting  copies  are  not  as 
accurate  or  as  clear  as  Gerber  plots. 
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23.  Gerber  Hardcopy  - Any  or  all  of  the  curves  that  can  be  pre- 
viewed can  be  plotted  on  the  Gerber  Flat  Bed  Plotter.  The 
output  is  presently  on  3-1/2  x 11  herculine  but  could  be 
changed  easily.  The  program  asks  for  the  X scale  (strain) 
and  Y scale  (stress)  factors  in  units  per  inch  of  graph  axis. 
The  X axis  (5  inches),  the  Y axis  (7  inches),  and  the  numeri- 
cal values  at  one-inch  intervals  on  each  axis  are  added  to  the 
curve  plots  automatically. 

Statistical  Tests  of  Significance 

The  statistical  population  of  a processed  material  can  be  compared 
with  the  given  design  allowable  material  by  application  of  appropriate 
statistical  tests  of  significance.  In  this  section,  two  tests  (the  "F" 
and  "t"  tests)  are  described  for  use  in  determining  whether  a sample 
belongs  to  the  same  population  as  the  published  design  allowable  for  a 
test  material.  The  "F"  test  is  used  first  to  determine  whether  two  sampl 
variances  differ  significantly,  after  which  the  "t"  test  is  used  to 
evaluate  whether  the  two  sample  means  differ  significantly.  The  variance 
is  the  square  of  the  standard  deviation.  The  tests  given  are  exact  when: 

1.  The  observations  within  each  sample  are  taken  randomly  from  a 
single  population  (heat  lot). 

2.  The  characteristic  measured  is  normally  distributed  within 
the  population. 

3.  Test  specimens  are  the  same  configuration  and  thickness. 

4.  Test  conditions  are  identical  for  the  two  compared  samples. 

The  following  computation  methods  and  tables  have  been  adopted  from 
Military  Handbook-5C,  dated  15  September  1976,  Section  9.6.2,  Table 
9. 6. 4. 4 and  Table  9. 6. 4. 5. 


The  "F"  Test 


The  "F"  Test  is  used  to  determine  whether  the  strength  of  tv/o  products 
differ  with  regard  to  variability. 

Consider  two  products,  A and  B.  These  might  represent  two  different 
orocesses  or  formulations.  The  statistics  for  the  samples  drawn  from  these 
products  are: 


Product  A Product  B 

Sample  Size  (n)  nft  ng 

Sample  Standard  Deviation  (S)  sft  sg 

Sample  Mean  (X) 

F is  the  ratio  of  the  two  sample  variances  (s^),  thus, 

F s saW 

If  the  true  variances  of  Products  A and  B are  identical  at  a significance 
level  of  a * 0.05,  F should  lie  within  the  interval  defined  by 

F0  975  (for  n^  - 1 and  ng  - 1 degrees  of  freedom), 
and 

1/Fq  g75  (for  ng  - 1 and  n^  - 1 degrees  of  freedom).** 

If  F does  not  lie  within  this  interval,  it  can  be  concluded  that  the 
two  products  differ  with  regard  to  their  variability.  Values  of  FQ  g7g 
are  presented  in  Table  4,  Page  46. 


**S1nce  a two-sided  interval  Is  being  defined  for  the 
the  fractile  of  the  F distribution  corresponding  to 
used,  1 .e. , Fg  975- 


population  variance, 
1 - a/2  should  be 
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Exanmle  of  Test  Computation  - The  following  sample  statistics  are 


reported : 


Sample  Size 

Sample  Standard  Deviation 
(PSI) 

Sample  Mean,  PSI 


Product  A 
20 

4.0 

100.0 


Product  B 
30 

5.0 

102.0 


Perform  an  F test  as  follows: 

2 2 2 2 

F - sA  /sB  * 4/5^  * 0.64 
df  3 n^  - 1 * 19 


= ng  - 1 3 29 

F0.975  O9,29)  - 2.23 

l/f„  975(29,19)  = 1/2.40  = 0.42 


From  Table  4 


Since  0.64  lies  within  the  interval  0.42  to  2.23  one  can  conclude  that 
there  is  no  reason  to  believe  that  Products  A and  B differ  with  regard 
to  their  variability. 

The  "t"  Test 

The  "t"  test  is  used  to  determine  whether  two  products  differ  with 
regard  to  their  average  strength.  If  they  do,  one  may  conclude  that  the 
two  products  do  not  belong  to  the  same  population. 

In  making  the  "t"  test,  it  is  assumed  that  the  variances  of  the  two 
products  are  nearly  equal,  as  first  determined  from  the  F test.  If  the 
"F"  test  shows  that  the  variances  are  significantly  different,  there  is 
no  need  to  conduct  the  "t"  test. 

Consider  the  same  products,  A and  B.  The  statistics  for  the  samples 
drawn  from  these  products  are: 
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Product  A 


Product  B 


Sample  Size  (n)  nA  nB 
Sample  Standard  Deviation  (S)  sA  sg 
Sample  Mean  (J)  Xg 

D^-  is  the  absolute  difference  between  the  two  sample  means. 

= |*a  - *b| 

If  the  true  means  of  products  A and  B are  identical,  D^  should  not  exceed 
u,  which  is  determined  as  indicated  by  the  following  equation  for  a sig- 
nificance level  of  o ■ 0.05. 


n = t0.975sP 


VnA  + n, 

vT 


where 


and 


tQ  g75  has  nft  + ng  - 2 degrees  of  freedom* 


AnA-l>sA  * <V1)si 

\ "a  * V* 


Values  of  tQ  g75  are  found  :n  Table  5. 


Example  of  t Test  Computation  - The  following  sample  statistics  are 
the  same  as  those  in  the  previous  example. 


Product  A 
20 


Product  B 
30 


Sample  Size 

Sample  Standard  Deviation 

psi  4.0  5.0 

Sample  Mean,  ps  1 100.0  1 02.0 

*$1nce  a two-sided  Interval  Is  being  defined  for  the  population  mean, 
the  fractile  of  the  t distribution  corresponding  to  1 - a/2  should  be 


used,  i.e.,  t 


0.975' 
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4.63  psi 


S -t/("fl'1)s<*  ("B  ~1)sb 

” ’ "A,nB'Z 

- (29H5)Z  - 

VnA  + nB  _ . fto  + 30  

nAnB-  ymm  °-2887 


u " *0.975^ 


/ °A  * nE 
\ nAnB 


- (2.01 1 ) (4.63) (0.2887)  « 2.7  psi 

°ir  ■ (yA  - Tb|  - 2-0PSf 

Since  Djj-  (2.0)  Is  not  greater  than  u (2.7),  It  nay  be  concluded  that 
there  Is  no  reason  to  believe  that  Products  A and  B differ  with  regard 
to  their  average  strength. 

On  the  basis  of  both  tests  in  this  example,  the  conclusion  wnuiH  s® 
that  the  two  products  were  drawn  from  the  same  population,  and  the  given 
design  allowable  Is  valid.  If  the  tests  confirm  the  sample  product  is 
not  from  the  same  population,  the  given  design  allowable  is  not  valid, 
and  should  be  recomputed  for  this  new  material. 
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30  Si?  4 IX  3 59  325  3 03  2 87  2 75  2 65  2 57  2 51  2 41  2 31  2 20  2 14  2 07  2 01 

40  5 42  4 05  3 46  3 13  2 90  2 74  2 62  2 53  2 45  2 )9  2 29  2 11  2 07  2 01  1 94  188 

60  5 29  391  3 )4  301  2 79  2 63  2 51  2 41  2 )3  2 27  217  2 06  1 94  2 X8  >82  174 

120  5 15  3 80  3 2)  2 89  2 67  2 52  2 )9  2 )0  2 22  2 16  2 05  1 94  1 82  176  69  161 

..  5 02  ) 69  ) 1 2 2 79  2 47  2 41  2 29  2 19  2 11  2 05  1 94  I H)  I 171  161  157  I4X 


TABLE  5.  0.95  AND  0.975  FRACTILES  OF  THE  t DISTRIBUTION  ASSOCIATED  WITH 

df  DEGREES  OF  FREEDOM 


df 

*93 

1 973 

df 

‘93 

*973 

1 

6.314 

12.706 

21 

1.721 

2.010 

2 

2.920 

4303 

22 

1.717 

2.074 

3 

2.333 

3.112 

23 

1.714 

2.069 

4 

2.132 

2.776 

24 

1.711 

2.064 

3 

2.013 

2.371 

23 

1 701 

2 060 

6 

1.943 

2.447 

26 

1.706 

2.036 

7 

1.193 

2.363 

27 

1.703 

2.032 

1 

1160 

2.306 

21 

1.701 

2.041 

9 

1.133 

2.262 

29 

1.699 

2.043 

10 

1.112 

2.221 

30 

1.697 

2.042 

II 

1.796 

2.201 

40 

1.614 

2.021 

12 

1.712 

2.179 

30 

1.676 

2.009 

13 

1.771 

2.160 

60 

1.671 

2.000 

14 

1 761 

2.143 

SO 

1.664 

1 990 

13 

1.733 

2.131 

100 

1.660 

1 964 

16 

1.746 

2.120 

120 

1.631 

1 910 

17 

1 740 

2.110 

200 

1.633 

1 972 

II 

1.734 

2.101 

300 

1.641 

1 963 

19 

1.729 

2.093 

m 

1.643 

1 960 

20 

1.723 

2.016 

J 
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SECTION  IV 

AERODYNAMIC  HEATING  AND  SERVICE  AGING  EFFECTS  ON 
MECHANICAL  PROPERTIES  OF  POLYCARBONATE 

Previously  it  had  been  demonstrated  that  exposure  of  bisphenol  A thin 
film  polycarbonate  material  to  temperatures  above  80°C  (176°F)  caused  the 
material  to  become  increasingly  less  ductile  (Reference  9).  This  was  evi- 
denced by  accumulative  decreases  in  impact  strength,  fracture  energy,  exten- 
sion to  break,  and  increases  in  tensile  yield  strength.  Other  evidence 
indicated  a degrading  of  these  mechanical  properties  due  to  weathering  and 
storage  (Reference  10  and  11).  To  determine  if  mechanical  property  changes 
occur  in  sheet  polycarbonate  due  to  aerodynamic  heating,  a series  of  tensile 
and  impact  tests  were  conducted  at  room  temperature  on  two  types  of 
monolithic  polycarbonate  specimens  that  had  been  exposed  to  thermal 
conditioning.  The  thermal  conditioning  was  representative  of  the  thermal 
exposure  a supersonic  aircraft  would  encounter  during  its  lifetime.  To 
determine  if  mechanical  property  changes  occur  in  sheet  polycarbonate  due 
to  service  aging,  a series  of  tensile  tests  were  conducted  at  room  tem- 
perature on  fusion  bonded  monolithic  polycarbonate  specimens  removed  from 
a four-year-old  service-aged  canopy  and  newly  made  transparencies. 

TEST  SPECIMEN  DESCRIPTION 

The  test  specimens  used  in  this  test  series  were  made  from  0.250  inch 
thick  polycarbonate  sheet  representative  of  the  core  plies  In  the  B-l 
alternate  design  laminated  windshield,  and  from  0.50  to  0.87  inch  thick 
fusion  bonded  polycarbonate  sheet  representative  of  the  F-16  alternate 
design  canopy.  Two  types  of  polycarbonate  sheet  were  tested,  SL3000 
(General  Electric)  and  "Tuffak"  (Rohm  and  Haas).  Specimens  of  a particular 
test  series  were  orientated  in  the  same  length-width  relation  with  respect 
to  the  basic  stock.  All  test  specimens  were  examined  under  polarized 
light  to  expose  stress  risers  from  machining  operations  which  could  have 
affected  test  results.  Specimens  displaying  stress  risers  were  refinished 
(sanded  and  polished)  to  remove  such  discrepancies.  Machine  cutting  speed 
and  feed  rates  were  controlled  to  prevent  heating  parts  above  150°F  during 
machining  to  eliminate  adverse  thermal  conditioning  effects. 
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The  Z5942633-503  tensile  specimens  shown  In  Figure  9,  60  each  required, 
were  constructed  In  accordance  with  ASTM  0638-72,  Type  1,  except  the  overall 
length  was  extended  to  accommodate  the  Douglas  Indexing  and  alignment 
fixture.  Specimens  were  made  from  "as  extruded"  SL3000  and  Tuffak  mono- 
lithic polycarbonate  materials,  and  were  thermally  conditioned,  as  shown 
in  Table  6,  prior  to  testing. 

The  Z7942633-541  tensile  specimens,  15  each  required,  and  -571  tensile 
specimens,  10  each  required,  shown  In  Figure  10,  were  constructed  in 
accordance  with  ASTM  D638-72,  Type  III,  except  the  overall  lengths  were 
extended,  and  holes  were  provided  In  each  end  of  the  test  specimen  to 
provide  for  the  Douglas  holding  fixture.  Specimens  were  made  from  fusion 
bonded  SL3000  polycarbonate  material  removed  from  test  canopies  or  furnished 
by  transparency  fabricators.  Five  -541  tensile  specimens  were  made  from 
a service  aged  F-15  canopy  (see  Part  2,  Appendix  G for  service  aging 
history). 

The  Z7942633-605  tensile  specimens,  15  each,  (Figure  10),  were  con- 
structed In  accordance  with  ASTM  D638-72,  Type  III,  except  the  overall 
length  was  extended  and  holes  were  provided  In  each  end  of  the  test  specimen 
for  the  Douglas  holding  fixture.  Specimens  were  made  from  an  F-16  trans- 
parency of  stretched,  fusion  bonded  SL3000  polycarbonate  material.  Five 
of  these  specimens  were  thermally  conditioned  at  185°F  for  36  hours  to 
simulate  the  lifetime  aerodynamic  heating  effects  of  a supersonic  aircraft. 

The  Z7942633-1  Impact  test  specimens  were  constructed  In  accordance 
with  Figure  11.  Specimens  were  made  from  SL3000  monolithic  polycarbonate 
materials  and  thermally  conditioned  In  accordance  with  Table  6 prior  to 
testing. 

Thermal  Conditioning  of  Specimens 

To  provide  thermal  conditioning,  t'.st  specimens  were  heated  In  a 
series  of  Blue  "M",  circulating  air  ovens  equipped  with  temperature  control 
overrides  and  temperature/time  recording  apparatus.  Each  oven  was  equipped 
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Figure  9. 


Tensile  Specimen  (Z7942633-503). 


1 


| 


■ 


TABLE  6.  TEST  SPECIMEN  THERMAL  CONDITIONING 


TEST  BATCH* 
NUMBER 

APPROXIMATE 
NUMBER  OF 
FLIGHT  EXPOSURES 

TEMPERATURE 

c n 

TIME 
( HR :MIN ) 

B-l 

T-l 

0 

0 

0 

B-2 

MOM 

180 

2:00 

35 

B-3 

MSM 1 

180 

12:00 

312 

8-4 

asm 

180 

30:00 

350 

B-5 

T-5 

185 

16:30 

75 

B-6 

T-6 

180 

30:00 

425 

185 

16:30 

♦Each  B test  batch  consists  of  five  Z7942633-503  test  specimens, 
and  three  Z7942633-1  test  specimens.  Each  T test  batch  consists 
of  five  Z7942633-503  test  specimens. 
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with  iron  constantan  thermocouples  for  monitoring  the  internal  circulating 
air  and  specimen  temperatures  to  provide  automatic  temperature  control  of 
ovens  within  +5°F.  Calibration  and  certification  of  these  ovens  was  per- 
formed within  a six-month  period  prior  to  use. 

TEST  EQUIPMENT  AND  SETUP  DESCRIPTION 
Tensile  Tests 

A tensile  test  specimen  indexing  and  alignment  fixture.  Figure  12,  was 
used  for  positive  clamping  and  proper  alignment  of  the  test  specimen. 

Tests  were  conducted  on  a 30,000-pound  capacity  Rlehle  universal  test 
machine.  To  provide  accurate  means  of  determining  strain  measurements 
during  elastic  deformation,  a Rlehle  dual  range  extensometer.  Model  DN- 
D10-20,  was  used  to  measure  and  record  elongation.  The  tensile  test  setup 
is  shown  in  Figure  13. 

Impact  Tests 

Tests  were  conducted  using  a Tlnius  Olsen  Impact  Testing  Machine,  in 
which  the  test  specimen  was  held  as  a vertical  cantilever  beam,  as  shown 
In  Figure  14.  The  Impact  test  specimen  was  located  and  clamped  to  main- 
tain a constant  distance  from  the  pendulum  pivot  to  the  centerline  of  each 
specimen  notch. 

TEST  PROCEDURES 
Tensile  Test  Procedure 

Tensile  tests  were  conducted  in  accordance  with  standard  method  of 
test,  ASTM  D638-72.  The  test  specimen  gage  length  cross  section  dimen- 
sions were  measured  and  recorded  for  each  specimen  prior  to  testing.  The 
0.250  thick  specimens  were  mounted  Into  the  Indexing  and  alignment  fixture 
for  attachment  of  clevis  ends,  as  shown  In  Figure  12.  The  test  specimen 
was  placed  In  the  testing  machine  and  a dual  range  extensometer  Installed 
on  the  test  specimen,  as  shown  In  Figure  13.  The  slack  was  removed  from 
the  system  and  a measurement  made  between  the  clevis  ends  of  the  specimen 
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TEBSILE 
TEST  SPECIMEN 


ALIGNMENT  GUIDES 
(FOR  INDEXING 
SPECIMEN  IN  CLEVISES) 


BOLTS  TORQUED  TO 
400  IN/LBS 


-ALIGNMENT 

FIXTURE 


Figure  12.  Tensile  Test  Specimen  Indexing  and  Alignment  Fixture. 


ELONGATION 

MEASUREMENT 


DUAL  RANGE 
EXTENSOMETER 


Figure  13.  Tensile  Stress-Strain  Test  Setup. 
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clamps,  as  shown  in  Figure  13.  The  room  temperature  was  recorded  and  the 
machine  speed  set  at  0.05-inch  per  minute.  During  the  test  run  the  maximum 
load  was  determined  and  recorded.  The  extensometer  was  removed  during 
plastic  deformation  of  the  specimen  to  prevent  instrument  damage.  The 
test  specimen  was  then  taken  to  rupture  and  a measurement  made  between  the 
clevis  ends  of  the  specimen  clamps  to  determine  the  elongation  to  failure. 

A load  deflection  curve  was  automatically  drawn  during  test  to  the  point 
where  the  extensometer  was  removed.  Five  specimens  were  tested  for  each 
test  batch  of  material. 

Impact  Test  Procedures 

Impact  tests  were  conducted  in  accordance  with  standard  method  of  test 
ASTM  D256-72a,  Method  C.  Tests  were  conducted  on  a cantilever  beam,  izod 
type  impact  machine.  The  test  specimen  dimensions  were  measured  and 
verified  to  be  within  tolerance  and  the  notch  width  dimension  was  recorded 
for  each  specimen.  A sample  test  specimen  was  placed  into  the  test 
machine,  as  shown  in  Figure  14.  A pendulum  weight  was  selected  that 
imparted  enough  energy  to  break  the  specimen  without  exceeding  the  excess 
energy  scale  limit.  After  breaking  each  specimen,  the  total  impact  energy 
and  excess  energy  reading  were  recorded  within  +0. 025-inch  pounds.  Speci- 
mens in  the  same  test  batch  were  run  consecutively  with  the  same  pendulum 
weight  and  test  conditions.  A minimum  of  three  specimens  were  tested  for 
each  test  batch. 

TEST  REQUIREMENTS 

Douglas  provided  facilities  and  services  required  for  testing.  The 
mechanical  testing  machines  used  were  verified  for  accuracy  per  ASTM  E4-72 
procedure  within  +0.5  percent  traceable  to  National  Bureau  of  Standards 
(NBS).  Instrumentation  equipment  was  verified  for  a class  accuracy  of  B1 
per  ASTM  E83-67  procedures. 
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Tensile  Tests 

Tensile  tests  were  conducted  per  standard  method  of  testing,  ASTM 
D638-72.  The  speed  of  testing  was  0.05-inch  per  minute  +20  percent. 

The  gage  length  cross  section  dimensions  of  each  test  specimen  were 
measured  within  +0. 001-inch  and  recorded  before  and  after  each  test. 

Tests  were  conducted  at  room  temperature  conditions.  A load-deflection 
curve  was  recorded  for  each  specimen  tested  through  the  peak  load  portion 
of  the  curve.  A minimum  of  5 test  specimens  for  each  test  condition  were 
provided.  Elongation  to  failure  was  determined  for  each  test  specimen  by 
making  gage  length  measurements  before  and  after  each  test.  The  peak 
load  and  rupture  load  was  recorded  for  each  test. 

Impact  Tests 

Impact  tests  were  conducted  per  standard  method  of  testing,  ASTM 
D256-72a.  Tests  were  conducted  at  room  temperature  conditions.  Tests 
were  conducted  on  a standard  cantilever  beam  (izod-type)  impact  machine. 

A minimum  of  three  test  specimens  for  each  test  condition  were  provided. 

The  energy  required  to  break  the  specimen  within  +0.25  Inch  pounds  was 
reported  for  each  specimen. 

TEST  RESULTS  AND  ANALYSIS 

Two  general  tasks  were  documented  in  this  section  of  the  report: 

Task  1,  Aerodynamic  Heating  Effects  on  Polycarbonate  Material  Properties 
and  Task  2,  Service  Aging  Effects  on  Polycarbonate  Material  Properties. 

Tensile  test  data  curves,  specimen  photographs,  test  measurement  data, 
and  material  properties  computer  runs  are  presented  in  Appendix  G (Part  2) 
of  this  report. 

Test  data  presented  are  the  mathematical  average  (actual)  mechanical 
property  of  a specific  heat  lot  of  material  for  a specified  test  condition. 


Test  Data 


Task  1,  Test  Series  1,  consisted  of  six  test  batches  identified  by  batch 
numbers  B-l  through  B-6.  Each  test  batch  was  comprised  of  five  P/N 
Z7942633-503  tensile  test  specimens  and  three  P/N  Z7942633-501  impact  test 
specimens  made  of  SL3000  polycarbonate  material.  The  average  strength  data 
for  this  test  series  is  given  in  Table  7.  The  average  stress-strain  curves 
for  this  test  series  are  superimposed  in  Figure  15. 

Task  1,  Test  Series  2,  consisted  of  six  test  batches  identified  by 
batch  numbers  T-l  through  T-6.  Each  test  batch  is  comprised  of  five  P/N 
Z7942633-503  tensile  test  specimens  made  of  "Tuffak"  polycarbonate 
material.  The  average  strength  data  for  this  test  series  is  given  in 
Table  8.  The  average  stress-strain  curve  histories  for  this  test  series 
are  superimpos’d  in  Figure  16. 

Task  1,  Test  Series  3,  consisted  of  five  test  batches  of  fusion  bonded 
SL3000  polycarbonate  material.  A test  batch  consisted  of  five  each  P/N 
Z7942633-605  tensile  specimens  made  from  fusion  bonded  polycarbonate 
material  removed  from  a Texstar  test  canopy  and  thermally  conditioned  at 
185°F  for  36  hours  to  simulate  the  life  span  aerodynamic  heating  effects 
of  a canopy  installed  on  a supersonic  aircraft.  These  tests  were  compared 
with  tests  of  five  each  P/N  Z7942633-605,  P/N  Z7942633-541  , and  P/N 
Z7942633-571  sped  'ens  made  of  fusion  bonded  polycarbonate  material 
processed  by  Texstar  and  other  transparency  fabricators.  The  average 
st-Kigth  data  for  this  test  series  is  given  in  Table  9.  The  average 
stress-strain  curve  histories  for  this  test  series  are  superimposed  in 
Figure  17. 

Task  2 testing  consisted  of  a series  of  tensile  tests  on  fusion  bonded 
SL3000  polycarbonate  material.  Five  P/N  Z7942633-541  tensile  specimens 
were  made  of  fusion  bonded  SL3000  polycarbonate  material  removed  from 
a service  aged  canopy  made  by  Slerracin/Sylmar  Corp.  These  tests  were 
compared  with  tests  of  five  each  P/N  77942633-541  and  P/N  Z7942633-605 
tensile  specimens  made  of  fusion  bonded  SL3000  polycarbonate  material 
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TABLE  7.  TENSILE  AND  IMPACT  TEST  DATA  (SL300C) 
TASK  1,  TEST  SERIES  1 


TENSILE  TESTS 

IMPACT  TESTS 

TEST 

HATCH 

NUMBER 

AVG. 

TIELD 

STRENGTH 

(RSI) 

AVG.  : 
ELONGATION 
TO  YIELD 

AVG.  I 

ELONGATION 
TO  3REAK 

AVG. 

MCOUL'JS 

(PSIxlO-*) 

average 

IMPACT 

EMEPGY 

TO  ARE  AK 

(FT-L3/IN.  OF  NOTCH) 

8-1 

9237 

2.53 

124 

3.21 

9.77 

8-? 

93SS 

2.5? 

136 

3.12 

3.86 

8-3 

9511 

2.55 

32 

3.28 

4.60 

0-4 

9508 

2.53 

104 

3.19 

2.56 

8-5 

9446 

2.45 

48 

3.22 

2.7S 

B-t 

9561 

2.43 

89 

3.36 

2.71 

NOTES: 

1.  A test  batch  consists  of  five  (5)  tensile  specimens  minimum 
end  three  (31  Inpsct  specimens. 

2.  Test  hitch  6-1  tests  reflect  the  basic  (as  extruded)  mechanical 
properties  of  all  materials  used  In  this  test  series. 


FIGURE  15.  TENSILE  AVERAGE  CURVE  - THERMAL  CONDITIONING  EFFECTS 
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TABLE  8.  TENSILE  TEST  DATA  (TUFFAK) 
TASK  1,  SERIES  2 


SPECIMEN 

TEST 

BATCH 

NUWER 

TIELO 

STRESS 

(PSD 

PERCENT 

ELONGATION 

to  Yiao 

PERCENT 

ELONGATION 

TO  BREAK 

ELASTIC 

MODULUS 

(PSIxlO-5) 

TXRMAL  CONDITIONING 

TEMPERATURE 

CF) 

TIME 

(HR:  MIN) 

T-l 

8658 

2.79 

140 

3.08 

— 

— 

T-2 

8926 

2.75 

137 

3.16 

180 

2:00 

T-3 

9037 

2.73 

124 

3.12 

180 

12:00 

T-4 

8918 

2.71 

125 

3.06 

180 

30:00 

T-5 

8819 

2.47 

113 

3.08 

185 

16:30 

T-6 

8950 

2.48 

118 

3.13 

180 

30:00 

IBS 

16:30 

NOTES: 

1.  Test  8atch  T-l  reflects  the  basic  (as  extruded)  material  properties  of  all  materials  used 
In  this  test  series. 

2.  A test  batch  consists  of  five  (5)  tensile  specimen  minimum. 


Figure  16.  Tensile  Average  Curves  - Thermal  Conditioning  Effects. 


60 


TRUE  STRESS  (LBS. /IN. 


TABLE  9.  TENSILE  TEST  DATA 
TASK  1 , TEST  SEkIES  3 


SPECIMEN 
PROCESSOR 
AND  HUMBER* 

YIELD 

STRESS 

(RSI) 

ULTIMATE 

STRESS 

(RSI) 

ULTIMATE 
TRUE  STRAIN 
(IN. /IN.) 

ELASTIC 
MODULUS 
(PSI  x 105) 

SECANT 
MODULUS 
(PSI  x 10s) 

PERCENT 
ELONGATION 
TO  YIELD 

PERCENT 
ELONGATION 
TO  FAILURE 

FRACTURE 

ENERGY 

(RSI) 

A4  TC 

10.293 

11.558 

0.423 

3.30 

1.74 

2.79 

S3 

4403 

A4 

9.981 

12.411 

0.561 

3.17 

1.50 

2.84 

75 

6020 

03 

9.780 

11,950 

0.474 

3.64 

1.60 

2.54 

61 

4910 

84 

9,509 

12.497 

0.S68 

3.21 

1.50 

2.72 

76 

5986 

C2 

9.729 

12,525 

0.S30 

3.29 

1.61 

2.53 

70 

5635 

Thermit  Conditioned 
Part  Hunter 
Processor: A,  S,  C,  0 


PROCESSOR  A:  Texstar  Plastics  Co. 

8:  Sierractn/Sylmar  Co. 
C:  Swedlow,  Inc. 

0:  PPG  Industries,  tnc. 


Figure  17.  Tensile  Average  Curves  - Service  Aqlna  Effects. 
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processed  by  Sierracin/Sylmar  Corp.,  and  other  transparency  fabricators. 

The  average  strength  data  for  this  task  is  given  in  Table  10.  The  average 
stress-strain  curve  histories  for  this  test  series  are  presented  in 
Figure  18.  Additional  evidence  of  aging  effects  on  polycarbonate  are  given 
by  the  average  stress-strain  curve  histories  presented  in  Figure  19  as 
adapted  from  Reference  6. 

Analysis 

In  this  analysis,  all  data  are  based  on  averages,  therefore,  any  spread 
between  stress-strain  curves  and  other  comparable  data  are  considered 
within  the  average  limits  presented  for  each  test  batch.  Although  some 
data  may  be  superfluous,  it  was  considered  better  to  collect  and  record 
all  data  that  was  available  should  any  unusual  trend  occur. 

Task  1,  Test  Series  1 

A plot  of  the  test  data  from  Table  7 is  presented  in  Figure  20.  It 
can  be  noted  that  a definite  change  in  material  properties  has  occurred 
between  material  test  batch  B-l  and  B-3.  This  change  is  noted  by  a drop 
in  impact  energy  and  elongation  to  failure  with  a gain  in  yield  strength 
and  elastic  modulus.  These  changes  are  compatible  and  indicative  of  a 
more  brittle  material  for  test  batch  8-3  (ignoring  the  small  gain  in 
elongation  to  yield). 

The  material  properties  data  between  B-3  and  B-6  remains  constant 
except  for  a small  decrease  In  impact  energy  and  the  erratic  movement 
of  tensile  elongation  to  failure.  These  results  are  compatible  (ignoring 
elongation  to  failure)  which  indicates  a plateau  has  been  reached  where 
further  thermal  treatment  affects  material  properties  to  a small  degree. 
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TABLE  10.  TENSILE  TEST  DATA 
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!«c1men 

PROCESSOR 
ANO  NUM9ER* 

yielS 

STRESS 

(PSI) 

mTTW 

STRESS 

(»SI) 

■nuaw*ll 

TTrl 

(jjgj  11 

" ELASTIC — 
MOPJLUS 
(PSI  . 10'S) 

»H*173 

PERCENT 
ELONGATION 
TO  YIELO 

pfRC'nt 
ELONGATION 
TO  FAILUPE 

"FMcT'jAf — 
ENERGY 
(PSD 

32  SA 

10,002 

12,263 

0.432 

3.42 

1.66 

2.51 

54 

4579 

32 

10,105 

13.283 

0.596 

3.65 

1.77 

2.54 

81 

6707 

A] 

9,362 

12.360 

0.539 

3.09 

1.53 

2.68 

71 

5590 

C2 

9.729 

12.525 

0.530 

3.29 

1.61 

2.53 

70 

5635 

03 

9.7EO 

11.950 

0.474 

3.64 

1.60 

2.54 

61 

4910 

— Service  Aqed 

— Part  ’lumber 

— Processor:  A.  3,  C.  D 


PROCESSOR  A: 

B: 

C: 

0: 


Texstar  Plastics  Co. 
Sterracin/Sylnar  Co. 
Sued low,  Ire. 

PPG  Industries,  Inc. 


STRAIN  RATE: 
TEST  TEMP: 
MATERIAL  khuCESSOR: 
MATERIAL  TYPE: 


0.02S  IN. /IN. /MIN. 

75*F 

NOTED 

SL3000  FUSION  DONCED 
POLYCARBONATE 


Figure  13.  Tensile  Averaae  Curves  - Service  Aainq  Effects 
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Figure  20.  Average  Mechanical  Properties  Versus  Thermal  Conditioning  for  SL3000 
Polycarbonate  Material. 


TEST  BATCH  NUMBER 

Figure  21.  Averaqe  Mechanical  Properties  Versus  Thermal  Conditioning  for  "TUFFAK 
Polycarbonate  Material. 


Task  1 , Test  Series  2 

A plot  of  the  test  data  from  Table  8 is  presented  in  Figure  21.  It 
can  be  noted  that  a gradual  change  in  material  properties  has  occurred 
between  T-l  and  T-6.  This  change  is  noted  by  an  increase  in  tensile 
yield,  and  tensile  modulus,  with  a decrease  in  tensile  elongation  to 
both  yield  and  failure.  These  results  are  compatible  and  are  indicative 
of  a more  brittle  material  for  test  batch  B-6. 

Task  1 , Test  Series  3 

Comparison  of  test  results  in  Table  9 and  Figure  17  for  A4,  D3,  B4, 
and  C2  test  specimens  with  A4  TC  thermal  conditioned  test  specimen  reveals 
that  material  embrittlement  has  taken  place  due  to  thermal  conditioning. 

This  change  is  noted  by  an  increase  in  yield  strength,  a decrease  in  per- 
cent elongation  to  failure,  and  a decrease  in  fracture  energy. 

Task  2 

Comparison  of  test  results  in  Table  10,  Figure  18  and  Figure  19,  reveal 
that  material  embrittlement  has  taken  place  due  to  service  aging.  This 
change  is  noted  by  an  increase  in  yield  strength,  a decrease  in  percent 
elongation  to  yield  and  failure,  and  a decrease  in  fracture  energy. 

Conclusions 

Conclusions  based  on  data  contained  in  this  section  and  other  applicable 
data  are  contained  in  Section  XI  of  this  report. 
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SECTION  V 

LOW  STRAIN  RATE  TENSILE  MECHANICAL  PROPERTIES  TESTING 
OF  PROCESSED  POLYCARBONATE  MATERIALS 


This  test  series  was  conducted  to  establish  tensile  mechanical 
properties  of  processed  polycarbonate  materials  at  various  temperature 
conditions  and  at  low  strain  rates.  Test  specimens  were  made  from  instru- 
mented beams  (Reference  12),  bird  Impact  test  windshield/canopies  (Reference 
13), and  material  (both  sheet  and  specimen  configurations)  furnished  by 
transparency  fabricators.  The  primary  use  for  these  tests  was  to  provide 
average  (actual)  and  design  allowables  for  development  and  future  design 
use  in  computer  programs  (Reference  7).  Additional  uses  were  to  provide 
information  for  the  evaluation  of  materials  and  processors,  trade-off  design 
studies,  windshield  static  load  design  analysis,  and  to  provide  test 
criteria  for  future  transparency  design  specification  control  documents. 

Tests  were  conducted  per  ASTM  standard  methods.  Maximum  and  minimum  test 
temperatures  were  established  based  on  the  flight  profile  of  a supersonic 
aircraft. 

TEST  SPECIMEN  DESCRIPTION 

The  test  specimens  for  this  series  of  tests  were  made  from  SL3000 
(General  Electric  Co.)  and  Tuffak  (Rohm  and  Haas  Co.)  polycarbonate  sheet 
processed  by  several  transparency  fabricators.  All  test  specimens  were 
examined  under  polarized  light  to  expose  stress  risers  that  resulted  from 

machining  operations  and  could  have  affected  test  results.  Specimens  displaying 
stress  risers  were  refinished  (sanded  and  polished)  to  remove  such  dis- 
crepancies. Machine  cutting  speed  and  feed  rates  were  controlled  to  prevent 

heating  parts  above  150°F  which  could  result  In  adverse  thermal  conditioning 
effects.  Specimens  of  a particular  test  series  were  orientated  In  the  same 
length-width  relation  with  respect  to  the  basic  stock. 

The  Z5942633-503  tensile  specimens  (Figure  22)  were  constructed  in 
accordance  with  ASTM  0638-72,  Type  1,  except  the  overall  length  was 
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extended  to  accommodate  the  Douglas  Indexing  and  alignment  fixture.  Speci- 
mens were  made  from  SL3000  and  "Tuffak"  monolithic  polycarbonate  materials. 

The  test  specimens  received  transparency  fabricators  processes  that  normally  j 

occur  during  the  manufacture  of  a laminated  transparency.  The  transparency 
fabricators  were  PPG  Industries  (PPG),  Texstar  Plastics  Co.  (TEX), 

Sierracin  Corp.  (SK),  and  Swedlow  Co.  (SWU). 

The  Z5942633-507,  -541,  -571,  and  -605  test  specimens  (Figure  23)  were 
constructed  in  accordance  with  ASTM  D638-72,  Type  III,  except  the  overall 
length  was  extended,  and  holes  were  provided  in  each  end  of  the  test  speci- 
men to  accoirmodate  the  Douglas  holding  fixture.  Specimens  were  made  from 
SL3000  and  "Tuffak"  fusion  bonded  polycarbonate  material.  The  Z5942633-507  \ 

test  specimen  material  was  furnished  by  Sierracin  Corp.,  and  received  the 
same  processing  as  the  Z5942626-1  and  -501  transparent  beam.  The  Z5942633- 
541  test  specimen  material  was  furnished  by  Sierracin  Corp.,  and  Swedlow 
Co.;  Z5942633-571  test  specimen  material  was  furnished  by  PPG  Industries; 
and  Z5942633-605  test  specimen  material  was  furnished  by  Sierracin,  Swedlow, 
and  Texstar.  These  specimens  received  the  same  processing  that  a laminated 
transparency  for  a supersonic  aircraft  would  receive. 

The  Z5942633-509  test  specimens  (Figure  24)  were  constructed  in  accord- 
ance with  ASTM  D638-72,  Type  V,  except  the  overall  length  was  extended  to 
accommodate  the  Douglas  Indexing  and  alignment  fixture.  The  test  specimens 
were  made  of  SL3000  monolithic  polycarbonate  material  and  received  the  same 
processing  as  the  Z5942626-501  transparent  beam  manufactured  by  Sierracin 
Corp. 

The  Z5942633-517  and  -543  test  specimens  (Figure  25)  were  constructed  in 
accordance  with  ASTM  D638-72,  Type  I.  The  test  specimens  were  made  of  SL3000 
monolithic  polycarbonate  material.  The  Z5942633-517  test  specimen  material 
was  furnished  by  Sierracin  Corp.,  and  received  the  same  processing  as  the 
Z5942626-503  and  -505  transparent  test  beam.  The  Z5942633-543  test  specimen 
material  was  furnished  by  Sierracin  Corp.  and  Swedlow  Co.,  and  received  the 
same  processing  as  the  laminated  transparency  for  the  B-l  supersonic  air- 
craft transparency. 
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3.00  R Typ 


Figure  22.  Tensile  Specimen  (Z7942633-503) . 


.44  for  -C05* 

* Note:  Specimen  thickness  to  be  reduced  .06  by  stretch 
forming  prior  to  machining. 


Figure  23.  Tensile  Specimen  (Z7942633-541  , -507,  -571  , -605) 


TEST  SETUP  AND  EQUIPMENT  DESCRIPTION 

Portions  of  the  following  tensile  test  setup  and  equipment  description 
is  the  same  as  outlined  In  Section  IV,  and  is  repeated  here  for  the  con- 
venience of  the  reader. 

The  test  setup  for  the  Z7942633-503,  -509,  -517  and  -543  test  specimens 
is  shown  In  Figure  26.  In  this  test  setup  the  Douglas  Indexing  and  align- 
ment fixture  is  used  to  provide  for  positive  clamping  and  alignment  of  the 
test  specimen.  The  test  setup  for  the  Z7942633-507,  -541,  -571  and  -605 
tensile  specimens  is  shown  In  Figure  27.  In  both  test  setups  a Riehle  dual 
range  extensometer  was  used  to  measure  and  record  specimen  elongation.  Two 
types  of  test  machines  were  used  for  testing,  a 30,000-pound  capacity  Riehle 
mechanical  test  machine,  and  a 10,000-pound  capacity  Instron  mechanical 
test  machine. 

TEST  PROCEDURE 

Tensile  tests  were  conducted  in  accordance  with  standard  method  of  test, 
ASTM  D638-72.  The  test  specimen  gage  length  cross  section  dimensions  were 
measured  and  recorded  for  each  specimen  prior  to  testing.  The  Z7942633-503, 
-509,  -517,  and  -543  specimens  were  mounted  into  the  Indexing  and  alignment 
fixture  for  attachment  of  clevis  ends,  as  shown  In  Figure  28.  The  test 
specimen  was  then  placed  in  the  test  machine  and  a extensometer  Installed  as 
shown  in  Figure  26.  Each  Z7942633-507 , -541  , -571  , and  -605  test  specimen 
was  placed  in  the  testing  machine  and  an  extensometer  installed  on  the  test 
specimen,  as  shown  In  Figure  27.  The  slack  was  removed  from  the  system  and 
a measurement  made  between  the  ends  of  the  specimen  clamps  as  shown  in 
Figures  26  and  27.  The  room  temperature  was  recorded  and  the  machine  set 
at  the  desired  testing  speed.  During  the  test  run  the  maximum  load  was 
determined  and  recorded.  The  extensometer  was  removed  from  the  specimen 
during  plastic  deformation  of  the  specimen  to  prevent  Instrument  damage. 

The  test  specimen  was  then  loaded  to  rupture  and  the  rupture  load  recorded. 

A measurement  was  again  made  between  the  ends  of  the  specimen  clamps  to 
determine  the  total  elongation  to  failure.  A load  deflection  curve  was 
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Figure  28.  Tensile  Test  Specimen  Indexing  and  Alignment  Fixture. 

automatically  drawn  during  test  to  the  point  where  the  extensometer  was 
removed.  Five  specimens  were  tested  for  each  test  batch  of  material. 

TEST  REQUIREMENTS 

Douglas  provided  facilities  and  services  required  for  testing.  The 
mechanical  testing  machines  used  were  verified  for  accuracies  per  ASTM 
E4-72  procedures  within  +0.5  percent  traceable  to  NBS.  Instrumentation 
equipment  was  verified  for  a class  accuracy  of  B1  per  ASTM  E33-67  pro- 
cedures. Tensile  tests  were  conducted  per  standard  method  of  testing, 

ASTM  D638-72.  The  speed  of  testing  used  was  0.05-inch  per  minute,  and 
10-inches  per  minute  +20  percent.  The  gage  length  cross  section  dimensions 
of  each  test  specimen  was  measured  within  +0.001 -Inch  and  recorded  before 
and  after  each  test.  Test  temperatures  (+5°F)  were  -30°F,  +75°F  and 
+195°F.  A load-deflection  curve  was  recorded  for  each  specimen  tosted 
through  the  peak  load  portion  of  the  curve.  A minimum  of  5 test  specimens 
for  each  test  condition  was  provided.  Elongation  to  failure  was  determined 
for  each  test  specimen  by  making  grip  length  measurements  before  and  after 
each  test.  The  peak  load  and  rupture  load  was  recorded  for  each  test. 


TEST  RESULTS  AND  ANALYSIS 


Three  tasks  were  accomplished  and  documented  In  this  section 
of  the  report.  Task  I provides  average  (actual)  mechanical  properties 
data  for  monolithic  and  fusion  bonded  polycarbonate  materials  removed 
from  windshields  and  canopies  in  support  of  a bird  strike  analysis  com- 
puter program  (Reference  7),  and  for  materials  removed  from  test  beams 
in  support  of  the  analysis  of  laminated  beams  representative  of  aircraft 
transparencies  (Reference  12).  Task  II  provided  average  (actual)  and 
design  allowables  for  monolithic  polycarbonate  materials  as  processed  by 
PPG  Industries  (PPG),  Texstar  Plastics  (TEX),  Sierracin  Corp.  (SK),  and 
Swedlow  Co.  (SWU).  Task  III  provides  average  (actual)  and  design  allow- 
ables for  fusion  bonded  polycarbonate  materials  as  processed  by  Texstar 
Plastics,  Sierracin  Corp.,  Swedlow  Co.,  and  PPG  Industries. 

The  mechanical  properties  data  presented  were  based  on  five  or  more 
test  specimens  made  from  the  same  batch  of  material  and  tested  at  identical 
conditions  where  possible.  Test  specimens  that  broke  at  some  fortuitous 
flaw,  did  not  break  between  predetermined  gage  marks,  or  failed  in  the 
fusion  bonded  area  were  not  used  in  calculation  of  mechanical  properties 
data.  The  design  allowables  presented  were  computed  on  a "B"  basis  by 
methods  outlined  in  Chapter  III.  Where  "B"  basis  data  could  not  be  computed, 
the  "C"  basis  data  were  computed  and  presented.  Where  the  design  allow- 
able could  not  be  computed,  due  to  insufficient  test  data,  no  design 
allowable  Is  presented. 

Test  Data 

Task  I average  (actual)  tensile  strength  data  Is  given  in  Table  11. 

The  average  true  stress-strain  curves  from  which  the  tabulated  data  were 
calculated  are  presented  in  Appendix  A,  Figures  A.l  through  A. 13. 
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TABLE  11.  TENSILE  STRENGTH  DATA  TASK  I 
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*Number  of  specimens  Included  in  the  generation  of  data  presented. 


Task  II  average  (actual)  and  specific  design  allowables  are  given  in 
Table  12.  The  average  and  design  true  stress-strain  curves  from  which  the 
tabulated  values  were  derived  are  presented  in  Appendix  A,  Figures  A. 14 
through  A. 44. 

Task  III  averaqe  (actual)  and  specific  design  allowables  for  mechanical 
properties  are  presented  in  Table  13.  The  average  and  design  true  stress- 
strain  curves  from  which  the  tabulated  values  were  derived  are  presented  in 
Appendix  A,  Figures  A. 45  through  A. 76. 

Experimental  test  data  and  true  stress-strain  curves  for  test  specimens 
are  contained  in  Part  2,  Appendix  H. 

Analysis 

In  this  analysis,  comparisons  are  made  between  two  types  of  polycarbonate 
as  processed  by  four  aircraft  transparency  fabricators.  The  effects  of  pro- 
cessing, forming,  strain  rate,  and  test  temperature  are  demonstrated  for  these 
processed  materials.  Proposed  design  allowables  are  generated  from  test  data 
used  in  calculation  of  specific  design  strength  values  presented  in  Tables  12 
and  13. 

Material  Comparisons 

The  average  tensile  stress-strain  curves  from  test  data  of  two  types  of 
processed  polycarbonate  material  are  presented  in  Figure  29.  Tabulated  strenqth 
data  derived  from  these  curves  are  contained  in  Table  13.  It  can  be  noted  that 
material  "B"  at  -30°F  appears  more  brittle  than  material  "A"  based  on  values  of 
true  strain  at  rupture.  The  reverse  appears  to  be  true  based  on  this  criteria 
at  +195°F.  Since  these  differences  appear  only  at  extreme  temperature 
conditions,  and  rupture  strength  is  within  anticipated  scatter  of  a single 
heat  lot  of  material,  it  is  concluded  that  these  processed  materials  are 
equivalent  in  tensile  strength  properties. 


TABLE  13.  TENSILE  STRENGTH  DATA  TASK  III 


Number  of  specimens  Included  in  the  generation  of  data  presented. 


20000 


Average  Curves  - Material  Comparisons. 


Processing  Effects 

A plot  of  the  average  tensile  stress-strain  curves  comparing  processed 
monolithic  and  fusion  bonded  SL3000  polycarbonate  sheet  material  from  four 
transparency  fabricators  are  presented  in  Figures  30  and  31.  Average  curves 
are  the  same  as  contained  in  Appendix  A for  strength  data  In  Tables  12  and 
13.  It  can  be  noted  that  a definite  difference  exists  in  the  plastic  range 
of  the  stress-strain  curves  due  to  the  different  processing  methods  of  the 
four  transparency  fabricators  represented.  Note  that  material  processing 
affects  plastic  properties,  and  to  some  extent  elastic  properties  of  poly- 
carbonate materials.  This  results  in  changes  in  elastic  modulus,  yield 
strength,  secant  modulus,  rupture  stress,  and  rupture  strain  mechanical 
properties.  The  stress-strain  curve  with  the  least  strain  at  rupture 
(the  shortest  curve)  indicates  the  least  ductile  processed  material,  and 
the  curve  with  the  greatest  strain  at  rupture  (the  longest  curve)  indicates 
the  most  ductile  processed  material. 

Forming  Effects 

A plot  of  average  tensile  stress-strain  curves  comparing  processed 
fusion  bonded  SL3000  polycarbonate  sheet  material  removed  from  several 
formed  test  canopies  are  presented  In  Figure  32.  Average  curves  are  the 
same  as  contained  in  Appendix  A for  strength  data  in  Table  11.  It  is 
noted  that  forming  affects  elastic  and  plastic  tensile  properties  of  poly- 
carbonate materials.  Forming  appears  to  decrease  elastic  modulus,  yield 
strength,  secant  modulus,  rupture  stress,  and  rupture  strain  values  at 
the  10  percent  level.  Little  change  Is  noted  up  to  the  3 percent  reduction 
In  thickness. 

Strain  Rate  Effects 

A plot  of  average  tensile  stress-strain  curves  comparing  processed 
monolithic  and  fusion  bonded  SL3000  polycarbonate  materials  at  two 
strain  rates  Is  presented  In  Figures  33  and  34.  The  stress-strain  curves 
presented  are  a general  Industry  average  of  like  materials  as  processed 
by  several  transparency  fabricators  and  is  the  same  test  data  used  to 
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Tensile  Average  Curve  - Processing  Effects 


00002 


Processing  Effects 
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Tensile  Average  Curves  - Forming  Effects 
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Figure  33.  Tensile  Average  Curves  - Strain  Rate  Effects. 


Strain  Rate  Effects. 


generate  the  stress-strain  curves  in  Appendix  A and  strength  data  in 
Tables  12  and  13.  Figures  33  and  34  reveal  a higher  relative  toughness 
for  both  0.25  monolithic  sheet  and  0.50  fusion  bonded  sheet  at  the  higher 
strain  rate.  It  appears  that  the  4.44  in. /in. /min  strain  rate  more  nearly 
approaches  the  assumed  ideal  strain  rate  to  generate  the  greatest  relative 
toughness  of  the  material  (Reference  9). 

Test  Temperature  Effects 

A plot  of  average  tensile  stress-strain  curves  for  monolithic  and 
fusion  bonded  processed  polycarbonate  at  three  test  temperature  conditions 
are  presented  in  Figures  35  and  36.  The  stress-strain  curves  presented 
were  generated  from  tensile  tests  of  SL3000  polycarbonate  materials  as 
processed  by  three  transparency  fabricators  and  is  the  same  data  used  to 
generate  the  stress-strain  curves  In  Appendix  A and  the  strength  data  in 
Tables  11  and  12.  It  can  be  noted  that  temperature  affects  elastic  and 
plastic  tensile  properties  of  processed  polycarbonate  materials  to  a large 
extent.  Also  note  that  the  lower  the  temperature  the  less  ductile  the 
processed  polycarbonate  material  is,  based  on  strain  to  rupture. 

Thickness  Effects 

A plot  of  average  tensile  true  stress-strain  curves  Is  presented  in 
Figure  37  comparing  processed  SL3000  polycarbonate  materials  of  various 
thicknesses  at  two  strain  rates  and  at  three  temperature  conditions.  The 
affected  strength  properties  data  are  listed  below. 
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35.  Tensile  Averaqe  Curves  - Temperature  Effects 
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Figure  37.  Tensile  Average  Curves  - Thickness  Effects 


Note  that  a slight  Increase  in  relative  toughness  exists  for 
the  thinner  test  specimens  at  all  temperatures.  A marked  increase  In  the 
relative  toughness  with  a decreased  yield  strength  for  curve  A over  that 
of  curves  B and  C indicates  thickness  effect  at  these  noted  test  conditions. 

A marked  decrease  in  elastic  modulus  with  an  increased  relative  toughness 
of  curve  H over  that  of  curve  J Indicates  a thickness  effect  at  these  noted 
test  conditions.  A marked  decrease  In  yield  strength  of  curve  G over  that 
of  curve  F is  Indicative  of  a thickness  effect  at  these  noted  test  conditions. 

Based  on  conclusions  reached  for  strain  rate  effects  on  previous  investi- 
gations (Reference  14)  it  appears  that  thickness  Is  not  the  only  variable, 
but  thickness  In  combination  with  strain  rate. 

Proposed  Design  Allowables 

Proposed  tensile  design  allowables  for  processed  polycarbonate  were 
developed  from  tensile  test  data  previously  used  In  determining  design 
strength  data  for  SL  3000  polycarbonate  material  as  processed  by  specific 
transparency  fabricators.  These  were  combined  to  provide  design  allowables 
representing  a wide  range  of  processed  material.  The  fabrication  processes 
represented  Include  drying,  press  polishing,  mechanical  polishing,  fusion 
bonding,  forming,  and  laminating.  Representative  specimens  from  all  known 
transparency  fabricators  are  not  Included,  but  It  Is  felt  that  all  normal 
fabrication  processes  of  a laminated  transparency  are  Included  in  these 
averages.  It  Is  Intended  that  these  proposed  design  allowables  be  used  by  < 

the  designer  tor  static  load  analysis  and  for  material  test  minlmums  in 
design  specification  documents  where  the  specific  fabrication  source  Is  unknown. 

t 

The  developed  averages  and  proposed  design  allowables  data  are  presented 
in  Table  14.  The  average  and  proposed  design  stress-strain  curves  from  which 
the  tabulated  data  were  derived  are  presented  In  Appendix  A,  Figures  A76  through 
A 83. 

Experimental  test  data,  test  stress-strain  curves  and  computer  data  runs 
for  this  analysis  are  contained  In  Part  2,  Appendix  H. 

Conclusions 

Conclusions  based  on  data  presented  In  this  section  and  other  applicable 
data  are  contained  In  Section  XI  of  this  report. 
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appendix  a 

TENSILE  STRESS-STRAIN 
CURVE  DATA 


The  following  tensile  stress-strain  curves  are  presented  for  use  in 
conjunction  with  tabulated  strength  data  presented  in  the  following  listed 
tables  of  this  section. 

PAGES 

Table  11  (Page  78) 


Tensile  stress-strain  curves  - Figures  A1  through  A14  ...  97  - 110 


Table  12  (Page  80) 

Tensile  stress-strain  curves  - Figures  A15  through  A43  . .110  - 139 


Table  13  (Page  81) 

Tensile  stress-strain  curves  - Figures  A44  through  A75  . .140  - 171 

Table  14  (Page  94) 

Tensile  stress-strain  curves  - Figures  A76  through  A83  . .172  - 179 


Tensile  Average  Curve  (PPG  517  - 0.108  Polycarbonate) 


Figure  A. 4.  Tensile  Average  Curve  (SK  507  - 0.87  Polycarbonate) 


Tensile  Average  Curve  (SK509  - 0.150  Polycarbonate) 
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• Tensile  Average  Curve  (TEX605/0029  -0.50  Polycarbonate) 


• Tensile  Average  Curve  (TEX605/0030  -0.50  Polycarbonate) 
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ge  Curve  (TtX605/0040  - 0.50  Polycarbonate) 
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ge  Curve  (TEX605/01  - 0.44  Polycarbonate) 
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Flqure  A. 14.  Tensile  Average  Curve  (TEX  605C43  - 0.50  Polycarbonate). 
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Figure  A. 15.  Tensile  Average  Curve  (PPG  503  - 0.250  Polycarbonate). 
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Figure  A. 16.  Tensile  Design  ( 


TEHP:  +76°F 

STRAIN  RATE:  4.44  IN/IN/MIN 


Figure  A. 17.  Tensile  Average  Curve  (PPG503  - 0.25  Polycarbonate) 
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Tensile  Design  (C)  Curve  (PPG503  - 0.25  Polycarbonate) 


20000 


Figure  A. 21 


.22.  Tensile  Design  (C)  Curve  (PPG503  - 0.25  Polycarbonate) 
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Tensile  Average  Curve  (SK503  - 0.250  Polycarbonate) 
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Figure  A. 28.  Tensile  Des 
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.29.  Tensile  Average  Curve  (SK  503  - 0.250  Polycarbonate) 
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Figure  A. 30.  Tensile  feslgn  (B)  Curve  (SK  503  - 0.250  Polycarbonate). 
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Figure  A. 36.  Tensile  Design  (b)  Curve  (SWU  503  - .250  Polycarbonate) 
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Figure  A. 41.  Tensile  Design  (B)  Curve  (SWU503-0.25  Polycarbonate). 
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Averaqe  Curve  (PPG  571  - 0.50  Polycarbonate) 


20000 


Tensile  Design  (B)  Curve  (PPG  571  - 0.50  Polycarbonate) 
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Figure  A. 47.  Tensile  Average  Curve  ( SK  541  - 0.94  Polycarbonate) 
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Figure  A. 52.  Tensile  Average  Curve  (SK605  - 0.50  Polycarbonate) 
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Tensile  Average  Curve  (SWU605  - 0.50  Polycarbonate) 
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Tensile  Average  Curve  (SWU605  - 0.50  Polycarbonate) 
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B)  curve  (SWU605RH  - 0.50  Polycarbonate) 
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Tensile  Average  Curve  (SWU605RH  - 0.50  polycarbonate) 
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TEMP:  +195  F 

STRAIN  RATE:  4.44  IN/IN/MIN 


Tensile  Average  Curve  (SUU605RH  - 0.50  Polycarbonate) 
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Tensile  Design  (B)  Curve  (SWU605RH  - 0.50  Polycarbonate) 
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TRUE  STRAIN  (IN. /IN.) 

Figure  A. 65.  Tensile  Average  Curve  (TEX571-0.50  Polycarbonate). 
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Tensile  Design  (B)  Curve  (TEX605  - 0.50  Polycarbonate) 


Curve  (TEX605  - 0.50  Polycarbonate) . 
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TRUE  STRAIN  (IN. /IN.) 

Tensile  Etesign  (C)  Curve  (TEX605  - 0.50  Polycarbonate) . 


Tensile  Average  Curve  (TEX605  - 0.50  Polycarbonate) 
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Figure  A. 74.  Tensile  Average  Curve  (TEX605X  - 0.50  Polycarbonate) 
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Figure  A76.  Tensile  Average  Curve 
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Figure  A77.  Tensile  Design  (C)  Curve  - Proposed  Allowable 
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Figure  A32.  Tensile  Average  Curve 
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Tensile  Design  (C)  Curve  - Proposed  Allowable 


SECTION  VI 

LOW  STRAIN  RATE  COMPRESSIVE  MECHANICAL  PROPERTIES 
TESTING  OF  PROCESSED  POLYCARBONATE  MATERIALS 


This  series  of  tests  was  conducted  to  provide  low  strain  rate  com- 
pressive mechanical  properties  of  monolithic  polycarbonate  materials  as 
processed  by  specific  windshield/canopy  fabricators.  The  primary 
use  for  these  tests  was  to  provide  average  (actual)  and  design  compression 
allowables  of  processed  polycarbonate  materials  for  development,  and  future 
design  use  in  computer  programs  (Reference  7).  Additional  uses  were  to 
provide  for  static  load  design  analysis  and  for  evaluation  of  vendors  processes. 
Test  Specimens  were  made  from  instrumented  beams  (Reference  12),  and  bird  im- 
pacted test  windshields  (Reference  13),  or  furnished  by  specific  windshield/ 
canopy  fabricators.  Tests  were  conducted  at  room  temperature  per  ASTM  D695-69 
standard  method  of  testing. 

TEST  SPECIMEN  DESCRIPTION 

The  test  specimens  required  for  this  series  of  tests  are  shown  in  Figures 
38  and  39.  All  test  specimens  were  examined  under  polarized  light  to  expose 
stress  risers  from  machining  operations  which  could  have  affected  test  results. 
Specimens  displaying  stress  risers  were  refinished  (sanded  and  polished)  to 
remove  such  discrepancies.  Machine  cutting  speed  and  feed  rates  were  controlled 
to  prevent  heating  parts  above  150°F  during  machining  to  eliminate  adverse 
thermal  conditioning  effects.  Specimens  of  a particular  test  series  were 
oriented  In  the  same  length-width  relation  with  respect  to  the  basic  stock. 

Test  specimens  for  this  test  series  were  made  from  SL3000  (General  Electric 
Co.)  monolithic  polycarbonate  material  and  received  fabricators  processes 
that  normally  occur  during  the  manufacture  of  an  aircraft  transparency. 

The  fabricator's  processed  materials  tested  were  PPG  Industries  (PPG), 

Texstar  Plastics  Co.  (TEX),  Sierracin  Corp.  (SK),  and  Swedlow  Inc.  (SWU). 
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Figure  3a.  Compression  Test  Specimen 
(Z7942633-511 , -545). 
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Figure  39.  Compression  Test  Specimen 

(Z7942633-513,  -515,  -527,  -547). 


A minimum  of  five  (5)  specimens  of  the  following  configurations  were 
constructed  by  each  noted  transparency  fabricator. 

The  Z5942633-511  , -545  test  specimens  (Figure  38)  were  made  from 
SL3000  fusion  bonded  polycarbonate  material.  The  -511  test  specimens 
were  furnished  by  Sierracin  Corp.,  and  received  the  same  processing  as 
the  Z5942626-1  and  -501  transparent  beam.  The  -545  test  specimens  were 
removed  from  a laminated  bird  Impacted  test  transparency  made  by  Swedlow 
Corp.  for  the  B-l  supersonic  aircraft. 

The  Z5942633-513,  -515,  -527,  -547  test  specimens  (Figure  39)  were 
made  from  monolithic  SL3000  polycarbonate  material.  The  -513  test 
specimens  were  furnished  by  Sierracin  Corp.  and  received  the  same  process- 
ing as  the  Z5942626-501  transparent  beam.  The  -515  test  specimens 
were  furnished  by  PPG  Industries,  and  received  the  same  processing  as 
the  Z5942626-503  and  -505  transparent  beam.  The  -527  test  specimens  were 
furnished  by  Texstar  Plastics  Co.,  and  received  the  same  processing  as  an 
aircraft  transparency.  The  -547  test  specimens  were  removed  from  a 
laminated  test  transparency  made  by  Swedlow  Corp.  for  the  B-l  supersonic 
aircraft. 

TEST  SETUP  AND  EQUIPMENT  DESCRIPTION 

The  test  setup  used  for  compression  testing  Is  shown  in  Figure 40. 

A Baldwin  deflectometer  was  used  to  measure  and  record  crosshead  movement 
during  specimen  compression.  The  test  machine  used  was  a 60,000-pound 
capacity  Baldwin  mechanical  test  machine. 

TEST  PROCEDURE 

Compression  tests  were  conducted  In  accordance  with  standard  method 
of  testing  ASTM  D695-69.  The  test  specimen  length  and  cross  section 
dimensions  were  measured  within  +0.001  and  recorded  for  each  specimen 
prior  to  testing.  The  test  specimen  was  then  positioned  in  the 
test  machine  and  a deflectometer  Installed  as  shown  in  Figure  40. 
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Figure  40.  Compression  Test  Setup. 
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The  slack  was  removed  from  the  system  and  a measurement  made  for  gage 
length.  The  room  temperature  was  recorded  and  the  machine  rate  was  set  at 
the  designed  speed  of  testing.  During  the  test  run  the  maximum  load 
was  determined  and  recorded.  A load  deflection  curve  was  automatically 
drawn  during  test  through  the  maximum  load  point.  Five  specimens  were 
tested  for  each  test  batch  of  material. 

TEST  REQUIREMENTS 

Douglas  provided  facilities  and  services  required  for  testing.  The 
mechanical  testing  machine  and  def 1 ectometer  were  verified  for  accuracies 
within  +0.5  percent  per  Douglas  procedures.  Compression  testing  was  con- 
ducted per  standard  method  of  testing  ASTM  D695-69  at  room  temperature. 

The  speed  of  testing  used  was  0. 05-inch  per  minute.  A load-deflection 
curve  was  machine  plotted  for  each  specimen  tested  through  the  maximum 
load  portion  of  the  curve.  A minimum  of  5 test  specimens  for  each  test 
condition  was  provided. 

TEST  RESULTS  AND  ANALYSIS 

Two  tasks  were  accomplished  and  documented  in  this  section  of  the  report. 
Task  I provides  averaqe  (actual)  compressive  properties  of  monolithic  and 
fusion  bonded  polycarbonate  materials  removed  from  aircraft  test  windshields 
and  test  beams  in  support  of  a bird  strike  computer  program  (Reference  7) 
and  the  analysis  of  laminated  beams  representative  of  aircraft  transparencies 
(Reference  12).  Task  II  provides  average  (actual)  and  specific  design  allow- 
ables for  monolithic  SL3000  polycarbonate  material  based  on  processed  material 
from  PPG  Industries  (PPG),  Swedlow  Corp.  (SWU),  Slerracin  Corp  (SK),  and 
Texstar  Plastics  (TEX). 

The  compressive  properties  data  presented  are  based  on  five  test  specimens 
made  from  the  same  batch  of  material  and  tested  at  Identical  conditions. 

Test  specimens  that  failed  at  some  fortuitous  flaw  or  In  the  fusion  bond 
area  were  not  used  In  calculation  of  strength  data.  The  compression  design 
allowables  were  computed  on  a "B"  basis  by  methods  outlined  in  Chapter  III. 
Where  the  "B"  basis  allowable  could  not  be  computed,  the  "C"  basis  allowable 


was  computed  and  is  presented.  Where  no  design  allowables  are  presented, 
the  data  could  not  be  computed  due  to  large  deviations  in  test  results  that 
gave  negative  or  illogical  stress  and/or  strain  values. 

Test  Data 

Task  I average  (actual)  properties  are  given  in  Table  15.  The  averaqe 
stress-strain  curves  for  the  tabulated  data  are  presented  in  Appendix  B, 
Fiqures  B.l  through  B.7. 

Task  II  average  and  specific  design  compression  allowables  are  given  In 
Table  16.  The  average  and  design  stress-strain  curves  for  the  tabulated 
data  are  presented  in  Appendix  B,  Figures  B.8  throuqh  B . 1 6 . 

Experimental  test  data  and  engineering  stress-strain  curves  for  test 
specimens  are  contained  in  Part  2,  Appendix  J. 

ANALYSIS 

In  this  analysis  comparisons  are  made  between  four  aircraft  transparency 
processors  to  demonstrate  processing  effects  on  mechanical  strength.  Pro- 
posed design  compression  allowables  are  presented  for  SL  3000  polycarbonate 
material  as  processed  by  the  four  aircraft  transparency  fabricators. 

Processing  Effects 

A plot  of  average  compression  stress-strain  curves  Is  presented  in 
Figure  41  comparing  the  processed  SL3000  polycarbonate  from  PPG  Industries 
(PPG),  Swedlow,  Inc.  (SWU),  Sierracln  Corp.  (SK),  and  Texstar  Plastics  (TEX). 


number  of  specimens  used  In  the  generation  of  data  presented. 


It  can  be  seen  from  Figure  41  that  processing  affects  the  material 
elastic  modulus,  maximum  compressive  stress,  and  strain  to  maximum  stress. 
The  stress-strain  curve  with  the  least  strain  to  maximum  stress  Indicates 
the  least  ductile  material  and  the  curve  with  the  greatest  strain  to  maximum 
stress  indicates  the  most  ductile  material. 

Proposed  Design  Allowables 

Proposed  compression  design  allowables  for  processed  polycarbonate  were 
developed  from  compression  test  data  previously  used  in  determining  design 
strength  data  for  SL3000  polycarbonate  material  as  processed  by  specific 
transparency  fabricators.  These  were  combined  to  provide  design  allowables 
representing  a wide  range  of  processed  material.  The  fabrication  processes 
represented  include  drying,  press  polishing,  mechanical  polishing,  fusion 
bonding,  forming,  and  laminating.  Representative  specimens  from  all  known 
transparency  fabricators  are  not  Included,  but  it  Is  felt  that  most  fabrica- 
tion processes  used  for  laminated  transparencies  are  included.  It  is  in- 
tended that  these  proposed  design  allowables  be  used  by  the  designer  for 
static  load  analysis  and  for  material  test  minimums  in  design  specification 
documents  where  the  specific  fabrication  source  is  unknown. 

The  developed  average  proposed  design  allowable  data  are  presented 
In  Table  17.  These  proposed  design  allowable  are  presented  on  a "C" 
basis  as  it  includes  specimens  from  all  the  participating  vendors  and 
would  be  unrealistic  if  presented  on  a MBM  basis  due  to  the  large 
deviations.  The  developed  average  and  proposed  design  allowable  stress- 
strain  curves  are  presented  in  Appendix  B,  Figures  B17  and  B18. 

CONCLUSIONS 

Conclusions  based  on  data  contained  In  this  section  and  other  applicable 
data  are  contained  in  Section  XI  of  this  report. 
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Figure  41.  Compression  Average  Curves-Processlng  Effects 


TABLE  17.  PROPOSED  COMPRESSION  DESIGN  ALLOWABLES 


1 

The  following  compression  stress-strain  curves  are  presented  for  use 
in  conjunction  with  tabulated  strength  data  presented  in  the  following 
listed  tables  of  this  section. 

PAGES 

Table  15  (Page  187) 

Compression  stress-strain  curves  - Figures  B1  through  B7  . 195  - 201 
Table  16  (Page  188) 

Compression  stress-strain  curves  - Figures  B 8 through  B16.202  - 210 
Table  17  (Page  191 ) 

Compression  stress-strain  curves  - Figures  B17  and  B18.  . .211  - 212 
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Compression  Average  Curve  (PPG515/26  - 0.19  Polycarbonate) 
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igure  B2.  Compression  Average  Curve  (SK51 1 - 0.50  Polycarbonate) 
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Figure  B4  . Compression  A verage  Curve  (SWU  545/107  - 0. 500  Polycarbonate 


Figure  B5  . Compression  Average  curve  (SWU  545-108  - 0.500  Polycarbonate) 


Figure  B6  . Compression  Average  Curve  (SI 
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Figure  B7.  Compression  Average  Curve  (SWU  547/108  - 0.15  Polycarbonate) 
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gure  B9.  Compression  Design  (B)  Curve  (PPG515  - 0.19  Polycarbonate) 
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Figure  B11.  Compression  Design  (b 
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Figure  B12.  Compression  Average 


TEMP:  78* F 

STRAIN  RATE:  0.076  IN. /IN. /MIN. 


Figure  Compression  Design  (B)  Curve  (SWU  545/107  - 0.500  Polycarbonate  U-l  W/S) 
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F1gureB18.  Compression  Design  (C)-Proposed  Allowable 


SECTION  VII 

LOW  STRAIN  RATE  SHEAR  MECHANICAL  PROPERTIES  TESTING 
OF  LAMINATED  INTERLAYER  MATERIALS 


This  series  of  tests  was  conducted  to  establish  low  strain  rate  shear 
mechanical  properties  of  interlayer  materials  as  processed  by  specific 
windshield/canopy  fabricators.  The  primary  use  for  these  tests  was  to 
provide  average  (actual)  and  design  allowables  for  mechanical  properties 
of  processed  interlayer  materials  for  development  and  future  design  use 
in  computer  analysis  (Reference  7).  Additional  uses  were:  evaluation  of 
materials  and  processors,  trade-off  design  studies,  windshield  static  load 
analysis,  and  test  criteria  for  the  windshield/canopy  design  specification 
control  documents.  Test  specimens  were  made  from  instrumented  beams 
(Reference  12),  bird  impacted  test  windshields  (Reference  13),  or  furnished 
by  specific  windshield/canopy  fabricators.  Two  types  of  shear  tests  were 
conducted:  (1)  a generally  used  compression  double  shear  test  (ASTM 
standard  being  prepared),  and  (2)  a unique  torsional  shear  test.  Results 
of  these  two  types  of  testing  were  compared  to  arrive  at  the  most  accurate 
means  of  testing.  Maximum  and  minimum  test  temperatures  were  established 
for  tests  based  on  the  flight  profile  of  a supersonic  aircraft. 

TEST  SPECIMEN  DESCRIPTION 

The  test  specimens  required  for  this  series  of  tests  are  shown  In 
Figures  42  through  45.  Materials  used  In  the  fabrication  of  the  shear 
specimens  were  subjected  to  the  normal  forming  and  fabrication  processes 
of  a laminated  polycarbonate  aircraft  transparency.  Two  basic  types 
of  shear  test  specimens  are  shown,  a five-ply  double  shear  compression 
type  test  specimen  and  a torsional  shear  test  specimen.  A minimum  of 
five  (5)  specimens  of  the  following  confiauratlons  were  constructed  by 
each  noted  transparency  fabricator. 
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Compression  Shear  Test  Specimens 


The  Z7942633-529  test  specimens  (Figure  42)  were  constructed  from 
a seven  ply  laminate  of  SL3000  polycarbonate  and  PPG- 112  polyurethene 
base  Interlayer  materials.  The  test  specimens  were  removed  from  the 
Z5942626-505  laminated  transparent  beam  furnished  by  PPG  Industries. 

The  Z5942633-531  shear  test  specimens  (Figure  43)  were  made  from 
a three-ply  laminate  constructed  processed  SL3000  polycarbonate  sheet 
laminated  with  an  Interlayer  material  manufactured  by  Sierracln  (SK), 
Swedlow  (SWU),  or  PPG  Industries  (PPG).  The  SK531  test  specimens  are 
laminated  with  S-100  silicone  base  Interlayer  material.  The  SWU531 
test  specimens  are  laminated  with  SS-5272Y  (HT)  silicone  base  Inter- 
layer material.  The  PPG-531  test  specimens  are  laminated  with  PPG-112 
polyurethene  base  material. 

The  Z5942633-533  shear  test  specimens  (Figure  43)  were  made  from 
laminated  windshields  manufactured  by  Swedlow  (SWU)  and  PPG  Industries 
(PPG).  The  SWU533  shear  test  specimens  were  made  from  a three-ply 
B-l  bird  test  windshield  made  of  SL3000  polycarbonate,  and  acrylic 
sheet  laminated  with  SS-5272Y  (HT)  silicone  base  Interlayer  material. 
The  PPG-533  test  specimens  were  made  from  an  eight-ply  bird  test 
windshield  made  of  SL3000  polycarbonate  sheet  laminated  with  PPG-112 
polyurethane  base  interlayer  material. 

The  Z5942633-623  and  -627  test  specimens  (Figure  43)  were  made 
from  a three-ply  laminate  of  processed  SL3000  polycarbonate  sheet 
laminated  with  S-130  interlayer  material  manufactured  by  Sierracln. 

Torsional  Shear  Test  Specimens 

The  Z7942633-535  test  specimens  (Figure  44)  were  constructed  from 
a three-ply  laminate  of  processed  SL3000  polycarbonate  and  S-100  sili- 
cone base  interlayer  material  manufactured  by  Sierracln  Co.  The  test 
specimens  were  bonded  to  the  torsional  test  adapter  tubes. 


Figure  42.  Shear  Test  Specimen  (Z7942633-529). 
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Figure  43.  Shear  Test  Specimen  (Z7942633-531  , -533,  -623,  -627). 
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FIGURE  45.  Torsional  Shear  Test  Specimen  (Z7942633-537). 
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The  Z7942633-537  test  specimens  (Figure  45)  were  constructed  of 
SS-5272Y  (HT)  silicone  base  interlayer  material  manufactured  by 
Swedlow  Co.,  which  was  bonded  to  the  torsional  test  adapter  tubes. 

The  Z7942633-539  test  specimens  (Figure  44)  were  constructed  from 
a three-ply  laminate  of  processed  SL3000  polycarbonate  and  PPG- 11 2 
polyurethane  base  interlayer  material  manufactured  by  PPG  Industries. 

The  test  specimens  were  bonded  to  the  torsional  test  adapter  tubes. 

TEST  SETUP  AND  EQUIPMENT  DESCRIPTION 

The  test  setup  for  the  compressive  shear  test  is  shown  in  Figure 
46.  In  this  test  setup  a deflectometer  was  used  to  measure  and 
record  specimen  elongation.  A shear  test  fixture  (Figure  47)  was 
used  to  hold  the  test  specimen  during  test  to  provide  support  and 
proper  alignment. 

The  test  setup  for  the  torsional  shear  test  Is  shown  in  Figure  48. 

In  this  test  setup  the  test  specimen  was  attached  to  the  test  machine 
carriage  drive  gear.  Load  measurements  were  made  through  balanced 
compression  and  tensile  load  cells  adapted  to  the  test  machine  per 
Z5943265  test  drawing. 

Shear  tests  were  conducted  on  a 10,000-pound  capacity  Instron 
mechanical  test  machine.  Load- deflection  graphs  were  provided  for 
each  test  by  using  the  Instron  continuous  load-deflection  recorder. 

TEST  PROCEDURES 

Compressive  Shear  Test  Procedure 

Compressive  shear  tests  were  conducted  In  accordance  with  a standard 
shear  test  procedure  ASTM  STD-F-705-76.  Proposed  by  ASTM  F7.08  Sub- 
committee as  follows: 

1.  Measure  and  record  the  length  and  width  of  the  Interlayer  with 
a suitable  micrometer  to  the  nearest  0.025-mm  (0.001-Inch). 
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Test  Fixture 


Figure  48.  Torsional  Shear  Test  Setup. 


2.  Loosen  the  test  fixture,  latch  screws,  Figure  47,  and  position 
one  latch  to  a horizontal  position. 

3.  Place  the  specimen  In  the  test  fixture.  Close  the  latch, 
and  tighten  the  latch  screws. 

4.  Adjust  the  pressure  plate  screws.  Figure  47,  center  the  speci- 
men and  snug-up  screws  without  preloading  specimen. 

5.  Set  the  speed  of  testing  at  1.25  mm  (0. 05-Inch)  per  minute, 
and  the  chart  speed  to  predetermined  values  and  start  the 
testing  machine. 

6.  Record  the  maximum  load  carried  by  the  specimen. 

7.  Remove  and  examine  the  test  specimen  for  evidence  of  premature 
failure  due  to  edge  chipping  or  slippage  of  the  specimen  In 
the  fixture.  If  premature  failure  has  occurred,  discard  the 
sample  and  retest  another  sample. 

8.  Calculate  the  bond  stress  by  dividing  the  maximum  load  by  the 
bond  area.  For  a six-ply  test  specimen,  the  area  Is  two  times 
the  area  of  one  of  the  bond-line  surfaces. 

Torsional  Shear  Test  Procedure 

To  perform  the  torsional  shear  test  the  Instron  test  machine  was 
modified  by  attaching  the  load  cell  support  channel,  compression  load 
cell,  tensile  load  cell,  and  torque  adapter  as  shown  In  Figure  48. 

The  torsional  shear  test  was  accomplished  as  follows: 

1.  Measure  and  record  the  inside  diameter  (D1)  and  outside  diameter 
(Do)  of  the  test  specimen  Interlayer  material  to  the  nearest 
0.025  mm  (0.001-Inch). 
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2.  Install  the  test  specimen  on  the  torque  adapter  and  insert 

the  lock  pin  per  Figure  48.  1 

I 

3.  Install  the  torque  arm  and  specimen  lock  sleeves  per  Figure  48. 

i 

4.  Install  the  torque  arm  and  balance  the  load  cells  by  adjusting 
the  compression  load  cell  bolt  for  a 10-  to  20-pound  preload. 

5.  Adjust  the  recorder  chart  speed  and  crosshead  rate  to  pre- 
determined values  and  mark  the  specimen  for  0 deflection. 

6.  Record  the  maximum  load  carried  by  the  specimen  and  mark  the  \ 

specimen  to  indicate  deflection. 

7.  Calculate  the  rupture  shear  stress  ( x ) by  the  formula 

x = 2T  ro 

»(r04-n4) 

where:  T = maximum  load  x load  arm 

r0  = outer  radius  of  Interlayer 
ri  - inside  radius  of  interlayer 

TEST  REQUIREMENTS 

Douglas  provided  facilities  and  services  required  for  testing. 

The  mechanical  testing  machines  were  verified  for  accuracy  per  ASTM 
E4-72  procedures  within  +0.5  percent  traceable  to  NBS.  Instrumentation 
equipment  was  verified  for  a class  accuracy  of  B-l  per  ASTM  E83-67 
procedures.  The  speed  of  testing  was  0.05- Inch/minute  for  compression 
shear  tests,  and  0.002- Inch/minute  for  torsional  shear  tests.  A load 
deflection  curve  was  recorded  for  each  specimen  tested  through  the 
peak  load  portion  of  the  curve.  A minimum  of  5 test  specimens  for 
each  test  condition  was  provided.  The  peak  load  was  recorded  for  each 
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specimen.  Test  temperatures  were  -30°F,  +75°F  and  +190°F  for  compres- 
sive shear  tests,  and  +75°F  for  torsion  shear  testing. 

TEST  RESULTS  AND  ANALYSIS 

Three  tasks  were  accomplished  and  documented  In  this  section  of 
the  report.  Task  I provides  average  (actual)  compressive  shear  properties 
data  for  test  windshields  for  development  of  a bird  strike  computer 
program  (Reference  7 ) and  in  support  of  the  analysis  of  laminated 
beams  representative  of  aircraft  transparencies  (Reference  12) . Task 
II  provides  average  and  specific  design  allowable  compressive  shear 
properties  of  two  types  of  silicone  interlayer  materials,  two  types  of 
polyurethane  materials,  and  a co-polymer  Interlayer  material  as  laminated 
by  three  transparency  manufacturers.  Task  III  provides  average  torsional 
shear  properties  for  two  types  of  silicone  Interlayer  materials,  and  a 
polyurethane  Interlayer  material  as  laminated  by  three  transparency 
manufacturers . 

The  mechanical  property  design  allowables  presented  were  computed 
on  a "B"  basis  by  methods  outlined  In  Section  III.  Where  "B"  basis 
data  could  not  be  computed,  the  "C"  basis  data  was  computed  and  is 
presented.  Where  no  design  allowable  Is  presented,  the  design  data 
could  not  be  computed  due  to  large  deviations  In  test  results  that 
gave  negative  or  Illogical  stress  and/or  strain  values. 

Test  Data 

Task  I shear  strength  data  are  given  in  Table  18.  The  average 
stress-strain  curves  from  which  the  tabulated  data  were  derived  are 
presented  In  Appendix  C,  Figures  Cl  through  C6  (Pages  241  to  246). 

Task  II  shear  strength  data  are  given  In  Table  19.  The  average 
and  design  stress-strain  curves  from  which  the  tabulated  data  were 
derived  are  presented  In  Appendix  C,  Figures  C7  through  C33 

(Pages  247  to  271). 
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Task  III  shear  strength  data  are  given  In  Table  20.  The  average 
stress-strain  curves  from  which  the  tabulated  data  were  derived  are 
presented  In  Appendix  C,  Figures  C34  through  C36  (Pages  272  to  274). 

Experimental  test  data  and  engineering  stress-strain  curves  for 
test  specimens  are  contained  In  Part  2,  Appendix  K. 

ANALYSIS 

In  this  analysis  average  shear  stress-strain  curves  are  plotted 
to  show  temperature  effects  on  mechanical  properties  for  four  types  of 
Interlayer  materials:  plyurethane,  two  silicones  and  a co-polymer. 
Average  shear  stress-strain  curves  are  superimposed  for  comparison 
between  two  types  of  silicones,  a co-polymer,  and  a polyurethane  Inter- 
layer material  at  three  temperature  conditions.  Comparisons  are  made 
between  two  types  of  test  methods,  compressive  shear  testing  and 
torsional  shear  testing. 

Temperature  Effects 

A plot  of  average  shear  stress-strain  curves  for  PPG  Industries 
PPG- 112  polyurethane  Interlayer  material  at  three  temperature  conditions 
Is  presented  In  Figure  49.  The  plot  Illustrates  the  large  loss  In 
strength  and  elongation  at  195°F  and  the  small  gain  In  strength  with 
a small  loss  In  elongation  at  -30°F  when  compared  to  the  room  tempera- 
ture stress-strain  curve. 

A plot  of  average  shear  stress-strain  curves  for  Slerracln  S-130 
co-polymer  interlayer  material  at  three  temperatures  Is  presented  In 
Figure  50.  The  plot  Illustrates  the  loss  In  strength  with  gain  In 
elongation  at  195°F  and  a gain  In  strength  with  a loss  In  elongation 
at  -30°F  when  compared  to  the  room  temperature  stress-strain  curve. 

A plot  of  average  shear  stress-strain  curves  for  Slerracln  S100 
silicone  Interlayer  material  at  three  temperatures  Is  presented  In 
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Figure  49.  Shear  Average  Curves  - Temperature  Effects 


STRAIN  RATE:  .05  IN. /IN. /MIN 


Figure  50.  Shear  Average  Curves  - Temperature  Effects 


Figure  51.  The  plot  Illustrates  the  gain  in  strength  with  loss  in 
elongation  at  -30°F  and  the  loss  In  strength  with  loss  In  elongation 
at  195°F  when  compared  to  the  room  temperature  stress-strain  curve. 

A plot  of  average  shear  stress-strain  curves  for  Swedlow  SS  5272Y 
(HT)  silicone  Interlayer  material  at  three  temperatures  Is  presented 
In  Figure  52.  The  plot  Illustrates  the  gain  In  strength  with  loss  In 
elongation  at  -30°F  and  the  loss  in  strength  with  loss  In  elongation 
at  195°F  when  compared  to  the  room  temperature  stress-strain  curve. 

Material  Comparisons 

A plot  of  average  shear  stress-strain  curves  at  75°F  for  four 
types  of  Interlayer  materials  Is  presented  In  Figure  53.  The  plot 
Illustrates  the  Increased  shear  strength  and  elongation  capabilities  of 
polyurethane  material  and  Increased  strength  of  the  co-polymer  over 
the  silicone  materials  at  room  temperature  conditions.  The  plot  also 
Illustrates  the  differences  In  elongation  capabilities  of  two  types 
of  silicones  at  room  temperature  conditions. 

A plot  of  average  shear  stress-strain  curves  at  -30°F  test  condi- 
tion for  four  types  of  Interlayer  materials  Is  presented  In  Figure  54. 

The  plot  Illustrates  the  Increased  shear  strength  and  elongation 
capabilities  of  polyurethane  and  Increased  shear  strength  of  the  co- 
polymer over  the  silicone  materials  at  -30°F. 

A plot  of  average  shear  stress-strain  curves  at  195°F  test  condition 
for  the  four  types  of  interlayer  materials  Is  presented  In  Figure  55. 

The  plot  illustrates  the  Increased  shear  strength  and  elongation  capa- 
bilities of  polyurethane  and  the  decreased  shear  strength  of  the 
co-polymer  material  as  compared  to  silicone  at  195°F. 
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Figure  52.  Shear  Average  Curves  - Temperature  Effects 
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Figure  55.  Shear  Average  Curves  - Material  Comparisons 


Test  Method  Comparisons 

Comparison  of  test  results  between  two  test  methods,  compressive 
shear  and  torsion  shear,  are  presented  for  two  types  of  silicone 
interlayer  materials  In  Figure  56.  It  can  be  seen  that  there  was  close 
correlation  of  test  results  for  type  B material  and  a large  variation 
in  test  results  for  type  A material.  The  shear  modulus  for  the  type  B 
material  torsional  test  Is  1 1 logical ly  high  for  silicone  material 
under  these  test  conditions.  Torsional  test  curves  were  erratic  and 
standard  deviation  large  for  these  tests  resulting  In  illogical  design 
curves.  This  was  due  to  a sideways  displacement  of  the  upoer  test 
adapter  tube  during  test.  For  these  reasons  the  torsional  shear  test 
method  was  discarded. 

CONCLUSIONS 

Conclusions  based  on  data  contained  In  this  section  and  other  applic- 
able data  are  contained  in  Section  XI  of  this  report. 


p. 


APPENDIX  C 

SHEAR  STRESS-STRAIN  CURVE  DATA 


The  following  stress-strain  data  are  presented  for  use  in  conjunction 
with  tabulated  strength  data  presented  in  the  following  listed  tables  of 
this  section. 

PAGES 

Table  18  (Page  225) 

Shear  stress-strain  curves  - Figures  Cl  through  C6  . . . . 241  - 246 

Figure  19  (Page  226) 

Shear  stress-strain  curves  - Figures  C7  through  C33  ...  247  - 271 

Figure  20  (Page  228) 

Shear  stress-strain  curves  - Figures  C34  through  C36  . . . 272  - 274 
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Figure CISc  Shear  Average  Curve  (SK531  - 0.125  S100  Interlayer) 


Average  Curve  (SKS31  - 0.12  S100  Interlayer) 


2000 


Figure  Cl 9 Shear  Average  Curve  (SK623  - 0.12  S130  Interlayer) 
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Figure  C23  Shear  Average  Curve  (SK623  - 0.12  SI 30  Interlayer). 


Figure  C24.  Shear  Design 


2000 
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SECTION  VIII 

HIGH  STRAIN  RATE  TENSILE  MECHANICAL  PROPERTIES  TESTING 
OF  MONOLITHIC  POLYCARBONATE  MATERIALS 


This  series  of  tests  were  conducted  to  provide  average  (actual)  and 
design  allowable  tensile  mechanical  properties  at  high  strain  rates  for 
monolithic  polycarbonate  materials  processed  by  specific  aircraft  trans- 
parency fabricators.  The  primary  use  for  these  mechanical  properties 
was  for  development  of  and  future  design  use  in  computer  analysis  of  a bird 
strike.  Additional  uses  were  to  provide  for  evaluation  of  materials  and 
processors,  and  design  trade-off  studies.  Tests  were  conducted  at  the 
maximum  and  minimum  temperature  conditions  established  by  the  fliqht 
profile  of  a supersonic  aircraft.  Maximum  strain  rates  due  to  a bird 
strike  were  determined  from  bird  impact  tests  of  actual  full  size  trans- 
parencies. Tests  were  accomplished  at  Terra  Tek,  Salt  Lake  City,  Utah, 
under  contract  to  Douglas  for  high  strain  rate  testing.  Test  specimens 
were  designed  by  Douglas  to  specifications  furnished  by  Terra  Tek,  Inc., 
and  manufactured  by  specific  fabricators.  These  specimens  received  the 
same  processing  as  a laminated  aircraft  transparency. 

TEST  SPECIMEN  DESCRIPTION 

The  test  specimens  required  for  this  series  of  tests  are  shown  In 
Figures  57  through  60.  All  test  specimens  were  examined  under  polarized 
light  to  expose  stress  risers  from  machining  operations  which  could  have 
affected  test  results.  Specimens  displaying  stress  were  refinished  (sanded 
and  polished)  to  remove  such  discrepancies.  Machine  cutting  speed  and 
feed  rates  were  controlled  to  prevent  heating  parts  above  150°F  during 
machining  to  eliminate  adverse  thermal  conditioning  effects.  Specimens 
of  a particular  test  series  were  orientated  1r.  the  same  length-width 
relation  with  respect  to  the  basic  stock.  Polycarbonate  materials  tested 
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in  this  test  series  included  "SL3000"  (General  Electric  Co.)  and  "Tuffak" 

(Rohm  and  Haas  Co.).  Sheet  material  used  for  test  specimens  was  pressed 
or  ground  polished  and  subjected  to  thermal  temperatures  as  required  in 
the  normal  forming  and  fabrication  processes  of  a laminated  polycarbonate 
transparency.  Twenty-two  (22)  specimens  of  the  following  configurations 
were  constructed  by  each  noted  transparency  fabricator. 

The  Z7942633-523  tensile  specimens  (Figure  57)  were  constructed  by 
Swedlow,  Inc.,  from  SL3000  polycarbonate  monolithic  sheet  material. 

The  Z7942633-569  tensile  specimens  (Figure  58)  were  constructed  by 
Swedlow,  Inc.,  and  Texstar  Plastics,  Inc.,  from  SL3000  polycarbonate 
monolithic  sheet  material. 

The  Z7942633-601  tensile  specimens  (Figure  59)  were  constructed  by 
Swedlow,  Inc.,  Sierracin,  Inc.,  and  Texstar  Plastics,  Inc.,  from  SL3000 
and  "Tuffak"  polycarbonate  fusion  bonded  sheet  material. 

The  Z7942633-611  tensile  specimens  (Figure  60)  were  constructed  by 
Swedlow,  Inc.,  and  Sierracin,  Inc..,  from  SL3000  polycarbonate  fusion 
bonded  sheet  material. 

TEST  SETUP  AND  EQUIPMENT  DESCRIPTION 

All  tests  were  conducted  at  the  medium  strain  rate  test  facility  at 

Terra  Tek,  Salt  Lake  City,  Utah,  shown  in  Figure  61.  The  main  components 

of  the  test  machine  are  shown  schematically  in  Figure  62.  The  lower 

platen  normally  remains  fixed  with  the  upper  platen  adjusted  to  the  desired 

height  with  the  help  of  the  attached  hydraulic  lift  cylinders.  Attached 

to  the  lower  platen  is  a 50,000  pound  6-inch  stroke  linear  hydraulic  actuator 

capable  of  operating  at  cyclic  rates  up  to  20  IU.  This  actuator  is  controlled 

-6 

with  a 15  gpm  servo  valve  which  allows  strain  rates  of  10  to  1 in. /in./ 
sec.  Throuqh  the  use  of  a 50  gpm  4-way  solenoid  operated  valve,  in  conjun- 
ction with  a flow-control  subplate  manifold  to  vary  the  flow  during  open- 
loop  operation,  the  strain  rate  is  extended  to  10  in. /in. /sec. 
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Figure  62*  Schematic  of  Medium  Strain  Rate  Machine. 


/ 
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For  all  but  the  very  low  strain  rate  tests  presented  here  the  high 
pressure  gas  actuator  mounted  above  the  upper  platen  was  used.  This 
actuator  (Figure  63)  is  operated  by  charging  a reservoir  on  either  side  of 
the  piston  to  equal  pressure.  The  piston  is  accelerated  when  the  gas  is 
released  from  one  reservoir,  the  direction  is  toward  the  one  that  is 
exhausted.  The  orifice  size  can  be  adjusted  to  control  the  exhaust  rate. 
Motion  is  initiated  through  a fast  acting  solenoid  valve  mounted  downstream 
from  the  orifice.  Piston  velocity,  and  hence  rate  of  loading,  is  controlled 
by  the  gas  charging  pressure,  the  orifice  size,  and,  to  some  extent,  the 
specimen.  Piston  velocities  up  to  500  in. /sec  can  be  achieved.  Actuators 
are  supplied  by  a 100  h.p.  50  gpm  hydraulic  power  supply.  Accumulators  are 
provided  to  supply  the  pe^k  flow  rates. 

Controls  for  the  medium  strain  rate  machine  are  located  in  the  adjacent 
cabinets  shown  in  Figure  61.  These  cabinets  house  servo  controllers  for 
the  hydraulic  actuators,  each  capable  of  three  feedback  modes  of  operation 
(displacement,  strain,  load)  thus  allowing  independent  selection  of  the 
feedback  control.  Digital  ramp  generators  and  a function  generator  are 
also  available  for  test  control.  The  pneumatic  controls  for  the  fast 
acting  gas  actuator  system  are  also  housed  in  the  cabinets. 

Specimen  temperatures  can  be  maintained  in  the  range  of  -100°F  to 
300°F  with  the  use  of  the  temperature  chamber  shown  In  Fiqure  62.  The 
lower  temperatures  are  achieved  by  Injecting  a spray  from  a liquid 
nitrogen  bottle.  The  system  operates  In  a closed  loop  mode  with  a thermo- 
couple, attached  to  the  sample,  providing  a feedback  signal  to  a Research 
Incorporated  Series  6000  Termac  Combined  Temperature-Power  Controller 
which  In  turn  controls  a solenoid  on  the  nitrogen  supply.  High  temperatures 
are  maintained  In  a similar  fashion  except  that  a nlcrome  wire  heater 
encased  in  an  Iconel  sheath  Is  substituted  for  the  solenoid  valve.  In 
this  case,  the  error  signal  controls  the  amount  of  power  supplied  to  the 
heaters  by  the  power  controller. 
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Figure  63.  High  Strain  Rate  Gas  Actuator 


The  test  configuration  for  tension  tests  Is  Illustrated  In  Figure  64. 
Sample  load  was  measured  with  a Sundstrand  Data  Control,  Inc.,  Quartz  Load 
Cell,  Model  923F2,  Interfaced  to  a charge  amplifier.  Strains  were  measured 
during  the  tension  tests  by  strain  gages  bonded  directly  to  the  test  specimen. 
Both  the  load  and  strain  were  recorded  as  a function  of  time  on  a Nicolet 
Model  1090AR  Digital  Oscilloscope,  which  was  interfaced  with  the  Digital 
Equipment  Corporation  multiuser  tlmesharer  computer  (POP  11/34).  The  strain 
data  was  plotted  as  a function  of  stress  on  a cathode-ray  tube  terminal 
(Tektronix  4010)  and  copied  on  a hard  copy  unit  (Tektronix  4610). 

TEST  PROCEDURE 

The  following  procedures  are  typically  used  by  Terra  Tek  in  tension 
tests. 

1.  Calibrate  the  load  cell. 

2.  Record  exact  dimensions  of  specimen. 

3.  Install  specimen  in  machine. 

4.  Attach  appropriate  coolant  or  heating  enclosures  and  all 
Instrumentation. 

5.  Run  test  as  specified,  recording  stress-strain  to  failure,  and 
load  at  yield  and  break  points. 

6.  Record  exact  piston  velocity  achieved  during  test. 

7.  Remove  specimen  from  machine  and  record  exact  dimensions. 

8.  Take  photograph  of  specimen. 

9.  Positively  mark  and  identify  each  specimen. 

10.  Repeat  applicable  above  procedure  for  each  specimen  in  turn. 

TEST  REQUIREMENTS 

Terra  Tek,  Salt  Lake  City,  Utah,  provided  the  facilities  and  services 
required  to  apply  dynamic  loading  on  the  polycarbonate  test  specimens  to 
simulate  a bird  strike.  Test  temperatures  and  strain  rates  were  established 
from  supersonic  aircraft  flight  profiles  and  bird  impact  test  data  con- 
tained in  References  1 and  2.  The  following  test  conditions  reflect  these 
requirements. 
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Figure  64.  Tensile  Test  Configuration 


Twenty  (20)  test  specimens  of  each  processed  material  were  to  be 
tested  under  uniaxial  tension  loading  as  follows: 

Test  Temperature  (°F  +5°)  -30  76  76  190 

Strain-Rate  (in. /In. /sec.)  200  + 50  200  + 50  10  + 5 200  + 50 

Number  of  Tests  55  55 

The  gage  length  cross  section  dimensions  of  each  test  specimen  was 
measured  within  +0.001 -Inch  and  recorded  before  and  after  each  test.  A 
load-deflection  curve  was  recorded  for  each  specimen  tested  through  the 
peak  load  portion  of  the  curve,  and  the  yield  load  and  rupture  load  were 
recorded  seperately.  Photographs  of  the  ruptured  specimen  were  supplied, 
and  are  presented  in  Appendix  L (Part  2). 

TEST  RESULTS  AND  ANALYSIS 

The  mechanical  properties  strength  data  presented  Is  based  on  five  test 
specimens  made  from  the  same  batch  of  material  and  tested  at  Identical 
conditions.  Test  specimens  that  broke  at  some  fortuitous  flaw  or  that 
did  not  break  between  predetermined  gage  marks  or  that  failed  In  the  fusion 
bond  area  were  discarded  and  not  used  In  calculation  of  mechanical  properties 
strength  data.  The  mechanical  property  design  allowables  presented  were 
computed  on  a "B"  basis  by  methods  outlined  In  Section  III.  Where  "B" 
basis  data  could  not  be  computed,  the  "C"  basis  data  was  computed  and  Is 
presented.  Where  the  design  allowable  could  not  be  computed  due  to  insuf- 
ficient test  data,  no  design  allowable  Is  presented. 


Test  Data 

Tensile  strength  data  derived  from  experimental  results  for  high  strain 
rate  uniaxial  tensile  tests  are  sumnarlzed  In  Tables  21  and  22.  True 
stress-strain  plots  for  average  and  design  allowables  Is  contained  In 
Appendix  D.  Experimental  test  data  and  true  stress-strain  curves  for  test 
specimens  are  contained  In  Part  2,  Appendix  L. 
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TABLE  21.  TENSILE  STRENGTH  DATA 
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Number  of  specimens  included  in  generation  of  data  presented. 


TABLE  22.  TENSILE  STRENGTH  DATA 
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Analysis 

In  this  analysis  comparisons  are  made  between  processed  polycarbonate 
materials  to  demonstrate  processing  effects,  temperature  effects,  thick- 
ness effects,  and  forming  effects  on  mechanical  properties  at  high  strain 
rates.  Comparisons  were  made  between  two  types  of  processed  polycarbonate 
materials,  SL3000  and  Tuffak,  at  high  strain  rates.  Proposed  design 
allowables  for  tensile  properties  of  SL3000  polycarbonate  material  were 
generated  by  combining  test  data  of  processed  materials  from  Sierracin, 

Inc.  (SK),  Swedlow,  Inc.  (SWU),  and  Texstar  Plastics  Co.  (TEX). 

Processing  Effects 

A plot  of  average  tensile  true  stress-strain  curves  is  presented  in 
Figure  65  comparing  the  processed  SL3000  polycarbonate  from  three  aircraft 
transparency  fabricators.  It  can  be  seen  from  Figure  65  that  processing 
affects  the  yield  strength,  rupture  strain,  and  rupture  strength  properties 
of  polycarbonate  materials. 

Temperature  Effects 

A plot  of  average  tensile  true  stress-strain  curves  is  presented  in 
Figure  66  comparing  processed  SL3000  polycarbonate  at  three  temperatures; 
-30°F,  75°F  and  190°F.  The  true  stress-strain  curves  plotted  are  a test 
average  of  the  processed  polycarbonate  materials  from  the  three  noted 
aircraft  transparency  fabricators.  It  can  be  seen  that  temperature  affects 
plastic  properties  of  the  processed  polycarbonate  to  a large  extent  when 
compared  to  results  at  room  temperatures.  The  plot  reveals  a large  gain 
in  yield  and  rupture  strength  at  -30°F  with  a loss  in  strain  to  rupture 
and  a smaller  loss  in  yield  and  rupture  strength  at  190°F.  This  comparison 
agrees  with  low  strain  rate  tensile  test  comparisons  made  in  Section  V. 

Thickness  Effects 

A plot  of  average  tensile  true  stress-strain  curves  is  presented  in 
In  Figure  67  comparing  processed  SL3000  polycarbonate  materials  of  two 
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Figure  65.  Tensile  Average  Curves  - Processing  Effects. 
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Figure  66.  Tensile  Average  Curves  - Temperature  Effects. 


thicknesses  and  at  three  temperature  conditions.  Affected  strength  properties 
data  are  as  follows: 
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It  can  be  noted  that  a marked  Increase  In  yield  strength  and  relative 
toughness  exists  for  the  thicker  specimens  at  all  test  conditions  noted 
above.  A slight  difference  In  elastic  modulus  is  noted  for  the  two  thick- 
nesses at  75°F  and  -30°F  while  a large  difference  In  elastic  modulus  exists 
at  190°F.  These  effects  are  In  opposition  to  that  evidenced  at  low  strain 
rate  conditions  as  reported  In  Section  V,  where  the  thin  specimens  exhibit 
the  higher  relative  toughness. 

Forming  Effects 

A plot  of  average  tensile  true  stress-strain  curves  comparing  formed 
(reduced  thickness)  and  non-formed  Drocessed  polycarbonate  materials  Is 
presented  in  Flqure  68. 

It  can  be  seen  that  the  formed  material  has  a greater  relative 
toughness  with  a higher  yield  strength.  These  effects  are  In  opposition 
to  that  evidenced  at  low  strain  rate  conditions,  as  reported  In  Section  V. 

Material  Comparisons 

A plot  of  average  tensile  true  stress-strain  curves  comparing  two 
types  of  processed  polycarbonate  materials  Is  presented  In  Figure  69. 
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e Average  Curves  Forming  Effects 


It  is  noted  that  SL3000  shows  an  Increased  relative  toughness  when 
compared  to  "Tuffak"  at  the  noted  test  conditions  for  both  material 
processors.  Little  or  no  material  difference  is  seen  in  the  modulus  of 
elasticity  or  yield  strength.  Yield  strength  differences  are  attributed 
to  processing  effects. 

Proposed  Design  Allowables 

Proposed  tensile  design  allowables  for  processed  polycarbonate  were 
developed  from  tensile  test  data  previously  used  in  determining  design  strength 
data  for  SL3000  polycarbonate  material  as  processed  by  specific  transparency 
fabricators.  These  were  combined  to  provide  design  allowables  representing 
a wide  range  of  processed  material. 

The  fabrication  processes  represented  Include  drying,  press  polishing, 
mechanical  polishing,  fusion  bonding,  forming,  and  laminating.  Representa- 
tive specimens  from  all  known  transparency  fabricators  are  not  Included, 
but  it  is  felt  that  all  normal  fabrication  processes  of  a laminated  trans- 
parency are  included  in  these  averages.  It  is  intended  that  these  design 
allowables  be  used  by  the  designer  for  bird  strike  analysis  and  for  selection 
of  materials  where  the  specific  processor  Is  unknown. 

The  developed  averages  and  proposed  design  allowables  data  are  presented 
in  Table  23.  The  average  and  proposed  design  allowable  stress-strain  curves 
from  which  the  tabulated  data  was  derived  are  presented  in  Appendix  D, 

Figure  D47  through  D52.  Experimental  test  data,  test  stress-strain  curves, 
and  computer  data  for  this  analysis  are  contained  In  Part  2,  Appendix  L. 

CONCLUSIONS 

Conclusions  based  on  data  contained  in  this  section  and  other  applicable 
data  are  contained  in  Section  XI  of  this  report. 
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TABLE  23.  PROPOSED  TENSILE  DESIGN  ALLOWABLES 
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APPENDIX  D 

TENSILE  STRESS-STRAIN  CURVE  DATA 
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The  following  stress-strain  data  are  presented  for  use  in  conjunction 
with  tabulated  strength  data  presented  in  the  listed  tables  of  this  section. 

PAGES 

Table  21  (Page  286) 

Tensile  stress-strain  curves  - Figures  D1  through  D24  . . 229  - 322 

Table  22  (Page  287) 

Tensile  stress-strain  curves  - Figures  D25  through  046  . 323  - 344 

Table  23  (Page  296) 

Tensile  stress-strain  curves  - Figures  047  throuah  052  . 345  - 350 
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Figure  Dl . Tensile  Average  Curve  (SWU  523  - 0.10  olycarbonate) . 


Tensile  Design  (B)  Curve  (SWU  523  - 0.10  Polycarbonate) 
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Figure  D1  Tensile  Average  Curve  (SWU  523  - 0.10  Polycarbonate). 
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Figure  D4  Tensl le  D eslgn  (C)  Curve  (SWU  523  - 0. 10 P olycarbonate) 
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SWU  523  - 0.10  Polycarbonate 
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Tensile  Average  Curve  (SWU  523  - 0.10  Polycarbonate) 


verage  Curve  (SWU  569  - 0.20  Polycarbonate) 


(b)  Curve  (SWU  569  - 0.20  Polycarbonate) 


Tensile  Average  Curve  (SWU  569  - 0.20  Polycarbonate) 


Figure  DIO.  Tensile  Design  (B)  Curve  (SWU  569  - 0.20  Polycarbonate). 
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Figure  D13.  Tensile  Average  Curve  (SWU601  - 0.20  Polycarbonate) 
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Figure  01 5 Tensile  Average  Curve  (SWU  611  -0.30  Polycarbonate) 
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Tensile  Average  Curve  (SWU611  -0.30  Polycarbonate) 
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Flqure  022.  Tensile  Averaqe  Curve  (SWU611  - 0.30  Polycarbonate) 


20000 


rve  (SWUfll  - 0.10  Polycarbonate) 


age  Curve  (SWU611  - 0.30  Polycarbonate) 


ililili 


Tensile  A veraye  Curve  (SK601  - 0.20  Polycarbonate) 
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Flqure  027.  Tensile  Averaqe  Curve  (SK601  - 0.2P0  Polycarbonate) 
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C)  Curve  (SK611  - 0.30  Polycarbonate) 
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Figure  D31 . Tensile  Average  Curve  (SK611  - 0.30  Polycarbonate) 
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Figure  D44.  Tensile  Design  (c)  curve  (TEX  601  - 0.20  Polycarbonate) 
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046.  Tensile  Averaqe  Curve  (TEX601  - 0.20  Polycarbonate). 
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Figure  D48.  Tensile  Deslqn  (C)  Curve  - Proposed  Allowable. 
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Flqure  DA9.  Tensile  Averaqe  Curve. 
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Figure  D51 . Tensile  Average  Curve. 
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SECTION  IX 

HIGH  STRAIN  RATE  COMPRESSIVE  MECHANICAL  PROPERTIES 
OF  MONOLITHIC  POLYCARBONATE  MATERIAL 


This  series  of  tests  was  conducted  to  provide  average  (actual)  high 
strain  rate  compressive  mechanical  properties,  and  design  allowables  for 
monolithic  polycarbonate  materials  as  processed  by  specific  aircraft  trans- 
parency fabricators.  The  primary  use  for  these  mechanical  properties  was 
for  development  and  future  design  use  in  computer  analysis  of  bird  strike. 
Additional  uses  were  to  provide  for  evaluation  of  materials  and  processors. 
Tests  were  conducted  at  the  maximum  and  minimum  temperature  conditions 
established  by  the  flight  profile  of  a supersonic  aircraft.  Maximum  strain 
rates  due  to  a bird  strike  were  determined  from  bird  impact  tests  of  actual 
full  size  transparencies.  Compression  testing  was  accomplished  at  Terra  Tek, 
Salt  Lake  City,  Utah,  under  contract  to  Douglas  for  high  strain  rate 
testing.  Test  specimens  were  designed  by  Douglas  to  specifications  furnished 
by  Terra  Tek,  Inc.,  and  manufactured  by  specific  fabricators.  These 
specimens  received  the  same  processing  as  a laminated  aircraft  transparency. 

TEST  SPECIMEN  DESCRIPTION 

The  Z7942633-525  compression  test  specimens  required  for  this 
series  of  tests  Is  shown  in  Figure  70.  The  compression  test  specimens 
were  constructed  by  Swedlow,  Inc.,  from  SL3000  polycarbonate  material. 

All  test  specimens  were  examined  under  polarized  light  to  expose 
stress  risers  that  resulted  from  machining  operations  and  could  have 
affected  test  results.  Specimens  displaying  stress  were  refinished 
(sanded  and  polished)  to  remove  such  discrepancies.  Machine  cutting 
speed  and  feed  rates  were  controlled  to  prevent  heating  parts  above 
150°F  which  could  result  in  adverse  thermal  conditioning  effects. 

Specimens  of  a particular  test  series  were  orientated  in  the  same 
length-width  relation  with  respect  to  the  basic  stock.  Sheet  material 
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used  for  test  specimens  was  ground  polished  and  subjected  to  thermal 
temperatures  and  frequencies  required  In  the  normal  forming  and  fabrica- 
tion processes  of  a laminated  polycarbonate  transparency.  Test  specimens 
were  constructed  In  accordance  with  design  criteria  specified  by  Terra  Tek, 
Salt  Lake  City,  Utah,  under  contract  to  Douglas  for  high  strain  rate  test- 
ing. Eighteen  (18)  specimens  were  supplied  to  Terra  Tek  for  testing. 

TEST  SETUP  AND  EQUIPMENT  DESCRIPTION 

The  following  equipment  description  Is  the  same  as  outlined  In  Section 
VIII  and  Is  repeated  here  for  the  convenience  of  the  reader. 

All  tests  were  conducted  at  the  Terra  Tek  medium  strain  rate  facility 
shown  in  Figure  71.  The  main  components  of  the  test  machine  are  shown 
schematifally  In  Figure  72.  The  lower  platen  normally  remains  fixed  with 
the  upper  platen  adjusted  to  the  desired  height  with  the  help  of  the  attach- 
ed hydraulic  lift  cylinders.  Attached  to  the  lower  platen  Is  a 50,000 
pound  6- Inch  stroke  linear  hydraulic  actuator  capable  of  operating  at  cyclic 
rates  up  to  20  Hz.  This  actuator  Is  controlled  with  a 15  gpm  servo  valve 
which  allows  strain  rates  of  10"®  to  1 In. /In. /sec.  Through  the  use  of  a 
50  gpm  4-way  solenoid  operated  valve.  In  conjunction  with  a flow-control 
subplate  manifold  to  vary  the  flow  during  open-loop  operation,  the  strain 
rate  Is  extended  to  10  In. /In. /sec. 

For  all  but  the  very  low  strain  rate  tests  presented  here  the  high 
pressure  gas  actuator  mounted  above  the  upper  platen  was  used.  This 
actuator,  Figure  73,  Is  operated  by  charging  a reservoir  on  either  side  of 
the  piston  to  equal  pressure.  The  piston  Is  accelerated  when  the  gas  Is 
released  from  one  reservoir,  the  direction  Is  toward  the  one  that  Is  ex- 
hausted. The  orifice  size  can  be  adjusted  to  control  the  exhaust  rate. 
Motion  Is  Initiated  through  a fast  acting  solenoid  valve  mounted  downstream 
from  the  orifice.  Piston  velocity,  and  hence,  rate  of  loading,  Is  con- 
trolled by  the  gas  charging  pressure,  the  orifice  size,  and,  to  some  extent, 
the  specimen.  Piston  velocities  up  to  500  In. /sec.  can  be  achieved. 
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Figure  71.  Medium  Strain  Rate  Test  Facility 


Figure  73.  High  Strain  Rate  Gas  Actuator. 
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Actuators  are  supplied  by  a 100  hp  50  gpm  hydraulic  power  supply.  Accum- 
ulators are  provided  to  supply  the  peak  flow  rates. 

Controls  for  the  medium  strain  rate  machine  are  located  in  the  adjacent 
cabinets  shown  in  Figure  71.  These  cabinets  house  servo  controllers  for 
the  hydraulic  actuators,  each  capable  of  three  feedback  modes  of  operation 
(displacement,  strain,  load)  thus  allowing  independent  selection  of  the 
feedback  control.  Digital  ramp  generators  and  a function  generator  are 
also  available  for  test  control.  The  pneumatic  controls  for  the  fast 
acting  gas  actuator  system  are  also  housed  in  the  cabinets. 

Specimen  temperatures  can  be  maintained  in  the  range  of  -100°F  to 
300°F  with  the  use  of  the  temperature  chamber  shown  in  Figure  71.  The  lower 
temperatures  are  achieved  by  Injecting  a spray  from  a liquid  nitrogen 
bottle.  The  system  operates  In  a closed  loop  mode  with  a thermocouple, 
attached  to  the  sample,  providing  a feedback  signal  to  a Research  In- 
corporated Series  6000  Termac  Combined  Temperature- Power  Controller  which 
In  turn  controls  a solenoid  on  the  nitrogen  supply.  High  temperatures 
are  maintained  in  a similar  fashion  except  that  a nlcrome  wire  heater 
encased  In  an  Inconel  sheath  Is  substituted  for  the  solenoid  valve.  In 
this  case,  the  error  signal  controls  the  amount  of  power  supplied  to  the 
heaters  by  the  power  controller. 

The  test  configuration  for  compression  tests  Is  Illustrated  In  Figure 
74.  Sample  load  was  measured  with  a Sundstrand  Data  Control,  Inc.,  quartz 
load  cell,  model  923F2,  Interfaced  to  a charge  amplifier.  Strains  were 
measured  during  the  tension  tests  by  strain  gages  bonded  directly  to  the 
test  specimen.  Both  the  load  and  strain  were  recorded  as  a function  of 
time  on  a Nlcolet  model  1090AR  Digital  Oscilloscope,  which  Interfaced  with 
the  Digital  Equipment  Corporation  multiuser  tlmesharer  computer  (PDP  11/34). 
The  strain  data  Is  plotted  as  a function  of  stress  on  a cathode-ray  tube 
terminal  (Tektronix  401u)  and  copies  on  a hard  copy  unit  (Tektronix  4610). 
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TEST  PROCEDURE 

The  following  procedures  are  typically  used  by  Terra  Tek  In 
compression  tests'. 

1.  Calibrate  the  load  cell. 

2.  Record  exact  dimensions  of  specimen. 

3.  Install  specimen  in  machine. 

4.  Attach  appropriate  coolant  or  heating  enclosures  and  all 
Instrumentation. 

5.  Run  test  as  specified,  recording  stress-strain  to  failure, 
and  load  at  yield  and  break  points. 

6.  Record  exact  piston  velocity  achieved  during  test. 

7.  Remove  specimen  from  machine  and  record  exact  dimensions. 

8.  Take  photograph  of  specimen. 

9.  Positively  mark  and  identify  each  specimen. 

10.  Repeat  applicable  above  procedure  for  each  specimen  in  turn. 

TEST  REQUIREMENTS 

Terra  Tek  provided  facilities  and  services  required  to  apply  dynamic 
loading  on  the  polycarbonate  test  specimens  to  simulate  a bird  strike. 
Test  temperatures  and  strain  rates  were  established  from  supersonic  air- 
craft flight  profiles  and  bird  impact  test  data  contained  in  References  1 
and  2.  The  following  test  conditions  reflect  these  requirements. 


Fifteen  (15)  test  specimens  of  each  processed  material  were  to  be 
tested  under  uniaxial  compression  loading  as  follows: 


Test  Temperature  (+5°F) 

-30 

76 

190 

Strain-Rate  (in. /in. /sec. 
♦50) 

200 

200 

200 

Number  of  Tests 

5 

5 

5 
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The  gaqe  length  cross  section  dimensions  of  each  test  specimen  was 
measured  within  + 0.001 -inch  and  recorded  before  each  test.  A load- 
deflection  curve  was  recorded  for  each  specimen  tested  through  the  maximum 
load  portion  of  the  curve.  Photographs  of  the  ruptured  specimen  were 
supplied.  The  maximum  load,  exact  temperature  and  strain  rate  was  recorded 
for  each  test. 

TEST  RESULTS  AND  ANALYSIS 

The  compression  properties  data  presented  are  based  on  five  (5) 
test  specimens  made  from  the  same  batch  of  material  and  tested  at 
identifical  conditions.  Test  specimens  that  failed  at  some  fortuitous 
flaw  or  that  failed  in  the  fusion  bond  area  were  not  used  in  calculation 
of  mechanical  properties  strength  data.  The  design  allowables  pre- 
sented were  computed  on  a “B"  basis  by  methods  outlined  in  Section  III. 
Where  "B"  basis  data  could  not  be  computed,  the  "C"  basis  data  was 
computed  and  presented.  Where  the  design  allowable  could  not  be  computed 
due  to  insufficient  test  data,  no  design  allowable  is  presented. 


Test  Data 

Compression  strength  data  from  experimental  test  results  for  high 
strain  rate  uniaxial  compression  tests  are  presented  in  Table  24. 
Compression  stress-strain  curves  for  average  and  design  allowables 
are  contained  In  Appendix  E.  Experimental  test  data,  compression 
stress-strain  curves  for  test  specimens,  and  computer  data  runs  are 
contained  In  Part  2,  Appendix  M of  this  report. 

Analysis 

In  this  analysis  comparisons  are  made  between  average  compression 
stress-strain  curves  to  demonstrate  the  effect  of  test  temperatures 
on  processed  polycarbonate  material  at  high  strain  rates.  A plot  of 
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average  compression  curves  is  presented  in  Figure  75  comparing  processed 
SL3000  polycarbonate  materials  at  three  test  temperatures:  -30°F, 

75°F  and  190°F.  The  compression  stress-strain  curves  plotted  are  a 
test  average  of  processed  polycarbonate  material  from  Swedlow,  Inc. 
Comparison  of  compression  tests  at  -30°F  and  190°F  with  respect  to 
room  temperature  tests  reveal  a large  gain  in  maximum  strength  at 
-30°F  as  compared  to  a small  loss  in  maximum  strength  at  190°F.  The 
opposite  effect  on  elastic  modulus  is  noted  with  a small  gain  at  -30°F 
and  a large  loss  at  190°F  when  compared  to  the  room  temperature  modulus. 

CONCLUSIONS 

Conclusions  based  on  data  contained  in  this  section  and  other  applicable 
data  are  contained  in  Section  XI  of  this  report. 
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Flqure  75.  Compression  Averaoe  Curves  - Temperature  Effects. 
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APPENDIX  E 

COMPRESSION  STRESS-STRAIN  DATA 
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The  following  average  stress-strain  curves  and  developed  design 
stress-strain  curves  are  presented  for  use  in  conjunction  with  com- 
pression strength  data  given  in  Table  24,  Page  361  of  this  section. 
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Figure  El.  Compression  Average  Curve  (SWU525  - 0.38  Polycarbonate) 
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Figure  E2.  Compression  Design  (B)  Curve  (SWU525  - 0.38  Polycarbonate) 
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gure  E3.  Compression  Average  Curve  (SWU525  - 0.38  Polycarbonate) 
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Figure  E4.  Compression  Design  (B)  Curve  (SWU525  - 0.38  Polycarbonate) 
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Flqure  E5.  Compression  Average  Curve  (SWU525  - 0.38  Polycarbonate) 


Compression  Design  (B)  Curve  (SWU525  - 0.38  Polycarbonate) 


SECTION  X 

HIGH  STRAIN  RATE  SHEAR  MECHANICAL  PROPERTIES 
TESTING  OF  LAMINATED  INTERLAYER  MATERIALS 


This  series  of  tests  was  conducted  to  provide  high  strain  rate  average 
(actual)  shear  mechanical  properties  and  design  allowables  for  laminated 
Interlayer  materials  as  processed  by  specific  aircraft  transparency  fab- 
ricators. The  primary  use  for  these  mechanical  properties  was  for  develop- 
ment of  and  future  design  use  in  computer  analysis  of  a bird  strike.  This 
data  is  also  useful  in  evaluating  materials  and  transparency  fabricators. 
Tests  were  conducted  at  the  maximum  and  minimum  temperature  conditions 
established  by  the  flight  profile  of  a supersonic  aircraft.  Maximum  strain 
rates  we re  determined  from  bird  impact  tests  of  actual  full  size  aircraft 
transparencies.  Tests  were  conducted  at  Terra  Tek,  Salt  Lake  City,  Utah, 
under  contract  to  Douglas  for  high  strain  rate  testing.  Test  specimens 
were  designed  by  Douglas  to  specifications  furnished  by  Terra  Tek,  Inc., 
and  manufactured  by  specific  fabricators.  These  specimens  received  the 
same  processing  as  a laminated  aircraft  transparency. 

TEST  SPECIMEN  DESCRIPTION 

The  test  specimens  required  for  this  series  of  tests  are  shown  in 
Figures  76  through  78.  The  shear  test  specimens  were  subjected  to  the 
same  fabrication  processes  and  thermal  treatment  that  is  received  by  a 
laminated  polycarbonate  aircraft  transparency.  A total  of  110  specimens 
of  the  following  configurations  we re  constructed  by  the  noted  transparency 
fabricators. 

The  Z7942633-519  shear  test  specimens  (Figure  76)  were  constructed 
from  a laminate  containing  2 plies  of  SL3000  polycarbonate  sheet  laminated 
together  with  PPG  Industries  112  polyurethane  interlayer  material,  and  with 
Sierracin,  Inc.,  S-120  polyurethane  interlayer  materials. 


373 


Figure  76.  Shear  Test  Specimen  (Z7942633-519,  -625). 


Figure  77.  Shear  Test  Specimen  (Z7942633-521 ) . 


Figure  78.  Shear  Test  Specimen  (Z7942633-603) . 


The  Z7942633-521  shear  test  specimens  (Figure  77)  were  constructed 
by  laminating  Swedlow,  Inc.  SS5272Y  (HT)  silicone  Interlayer  material 
between  two  steel  adapter  fittings. 

The  Z7942633-625  shear  test  specimens  (Figure  76)  were  constructed 
from  a laminate  containing  2 plies  of  SL3000  polycarbonate  sheet  laminated 
together  with  Sierracin,  Inc.,  S-130  co-polymer  interlayer  material. 

The  Z7942633-603  shear  test  specimens  (Figure  78)  were  constructed 
from  a laminate  containing  2 plies  of  SL3000  polycarbonate  sheet  laminated 
together  with  Sierracin,  Inc.,  S-100  silicone  Interlayer  material. 

TEST  SETUP  AND  EQUIPMENT  DESCRIPTION 

The  following  equipment  description  is  the  same  as  outlined  In  Section 
VIII  and  is  repeated  here  for  the  convenience  of  the  reader. 

All  tests  were  conducted  at  the  Terra  Tek  medium  strain  rate  facility 
shown  in  Figure  79.  The  main  components  of  the  test  machine  are  shown 
schematically  in  Figure  80.  The  lower  platen  normally  remains  fixed  with 
the  upper  platen  adjusted  to  the  desired  height  with  the  help  of  the  attach- 
ed hydraulic  lift  cylinders.  Attached  to  the  lower  platen  is  a 50,000 
pound  6-1nch  stroke  linear  hydraulic  actuator  capable  of  operating  at  cyclic 
rates  up  to  20  Hz.  This  actuator  Is  controlled  with  a 15  gpm  servo  valve 
which  allows  strain  rates  of  10"®  to  1 In. /In. /sec.  Through  the  use  of  a 
50  gpm  4-way  solenoid  operated  valve.  In  conjunction  with  a flow-control 
subplate  manifold  to  vary  the  flow  during  open-loop  operation,  the  strain 
rate  Is  extended  to  10  in. /In. /sec. 

For  all  but  the  very  low  strain  rate  tests  presented  here,  the  high 
pressure  gas  actuator  mounted  above  the  upper  platen  was  used.  This 
actuator.  Figure  81,  Is  operated  by  charging  a reservoir  on  either  side 
of  the  piston  to  equal  pressure.  The  piston  Is  accelerated  when  the 
gas  Is  released  from  one  reservoir,  the  direction  Is  toward  the  one  that 
is  exhausted.  The  orifice  size  can  be  adjusted  to  control  the  exhaust 
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Figure  79.  Medium  Strain  Rate  Test  Facility. 
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Figure  81.  High  Strain  Rate  Gas  Actuator. 
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rate.  Motion  is  initiated  through  a fast  acting  solenoid  valve  mounted 
downstream  from  the  orifice.  Piston  velocity,  and  hence,  rate  of  loading, 
is  controlled  by  the  gas  charging  pressure,  the  orifice  size,  and,  to  some 
extent,  the  specimen.  Piston  velocities  up  to  500  in. /sec.  can  be  achieved. 

Controls  for  the  medium  strain  rate  machine  are  located  In  the  adjacent 
cabinets  shown  in  Figure  79.  These  cabinets  house  servo  controllers  for 
the  hydraulic  actuators,  each  capable  of  three  feedback  modes  of  operation 
(displacement,  strain,  load)  thus  allowing  independent  selection  of  the 
feedback  control.  Digital  ramp  generators  and  a function  generator  are 
also  available  for  test  control.  The  pneumatic  controls  for  the  fast 
acting  gas  actuator  system  are  also  housed  in  the  cabinets. 

Specimen  temperatures  can  be  maintained  in  the  range  of  -100°F  to  300°F 
with  the  use  of  the  temperature  chamber  shown  in  Figure  79.  The  lower 
temperatures  are  achieved  by  Injecting  a spray  from  a liquid  nitrogen 
bottle.  The  system  operates  in  a closed  loop  mode  with  a thermocouple, 
attached  to  the  sample,  providing  a feedback  signal  to  a Research  Incor- 
porated Series  6000  Termac  Combined  Temperature-Power  Controller  which  in 
turn  controls  a solenoid  on  the  nigrogen  supply.  High  temperatures  are 
maintained  in  a similar  fashion  except  that  a nicrome  wire  heater  encased 
in  an  Inconel  sheath  is  substituted  for  the  solenoid  valve.  In  this  case, 
the  error  signal  controls  the  amount  of  power  supplied  to  the  heaters  by 
the  power  controller. 

The  test  configuration  for  the  shear  tests  are  illustrated  in  Figure  82. 
Sample  load  was  measured  with  a Sundstrand  Data  Control,  Inc.,  quartz  load 
cell.  Model  923F2,  Interfaced  to  a change  amplifier.  The  shear  displacement 
was  obtained  on  the  shear  tests  by  the  use  of  a linear  displacement  poten- 
tiometer, as  shown  in  Figure  82.  Both  the  load  and  strain  were  recorded 
as  a function  of  time  on  a Nicolet  model  1090AR  digital  oscilloscope,  which 
was  Interfaced  with  the  Digital  Equipment  Corporation  multiuser  timeshare 
computer  (PDP  11/34).  The  strain  data  is  plotted  as  a function  of  stress 
on  a cathode-ray  tube  terminal  (Tektronix  4010)  and  copied  on  a hard  copy 
unit  (Tektronix  4610). 
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Figure  82.  Tensile  Test  Configuration. 


TEST  PROCEDURE 

The  following  procedures  are  typically  used  by  Terra  Tek  in  shear 
tests; 

1.  Calibrate  the  load  cell. 

2.  Record  exact  dimensions  of  specimen  Interlayer. 

3.  Install  specimen  in  machine. 

4.  Attach  appropriate  coolant  or  heating  enclosures  and  all 
instrumentation. 

5.  Run  test  as  specified,  recording  stress-strain  to  failure,  and 
the  maximum  load. 

Terra  Tek  provided  facilities  and  services  required  to  apply  dynamic 
loading  on  the  shear  test  specimens  to  simulate  a bird  strike.  Test 
temperatures  and  strain  rates  were  established  from  supersonic  aircraft 
flight  profiles  and  bird  Impact  test  data  contained  In  References  1 and  2. 
The  following  test  conditions  reflect  these  requirements. 

Twenty  (20)  test  specimens  of  each  processed  material  were  tested 
under  uniaxial  shear  loading  as  follows: 

Test  Temperature  (+5°F)  -30  76  76  190 

Strain  Rate  (In. /In. /sec)  200  + 50  200  +50  10  ♦ 2.5  200  + 50 

Number  of  Tests  5555 

The  engineering  stress-strain  curve  through  the  maximum  stress  portion 
of  the  curve  was  recorded  for  each  specimen.  A minimum  of  5 test  specimens 
for  each  test  condition  and  each  type  of  material  was  provided. 
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TEST  RESULTS  AND  ANALYSIS 


The  shear  strength  data  presented  are  based  on  five  test  specimens 
made  from  the  same  batch  of  material  and  tested  at  Identical  conditions. 
The  specific  design  allowables  presented  were  computed  on  a "B"  basis  by 
methods  outlined  in  Section  III.  Where  "3"  basis  data  could  not  be  com- 
puted, the  "C"  basis  data  was  computed  and  presented.  Where  the  design 
allowable  could  not  be  computed  due  to  insufficient  test  data,  no  design 
allowable  is  presented.  Strain  rates  indicated  are  an  average  strain  rate 
of  the  test  data. 

Test  Data 

Shear  strength  data  derived  from  experimental  results  for  high  strain 
rate  uniaxial  shear  tests  are  summarized  in  Table  25.  Shear  stress-strain 
plots  for  average  and  design  allowables  are  contained  in  Appendix  F. 
Experimental  test  data  and  true  stress-strain  curves  for  test  spe-lmens 
are  contained  in  Part  2,  Appendix  N. 

Analysis 

In  this  analysis  average  shear  stress-strain  curves  are  plotted  to 
show  temperature  effects  on  mechanical  properties  for  five  different 
interlayer  materials:  two  polyurethanes,  two  silicones,  and  a co-polymer. 
Average  shear  stress-strain  curves  are  superimposed  for  comparison  between 
these  five  interlayer  materials  at  cold,  ambient,  and  hot  temperature 
conditions. 

Temperature  Effects 

A plot  of  average  shear  stress-strain  curves  for  PPG  Industries 
PPG-112  polyurethane  interlayer  material  (Z7942633-519  specimen)  at  three 
temperature  conditions  is  presented  in  Figure  83.  The  plot  illustrates 
the  large  loss  in  strength  at  190°F  and  the  small  gain  in  strength  with  a 
large  loss  in  elongation  at  -30°F  when  compared  to  the  room  temperature 
stress-strain  curve.  These  conditions  do  not  agree  with  temperature 
effects  at  low  strain  rates  in  that  the  large  loss  in  elongation  to  rupture 
at  -30°F  is  not  evident.  This  is  assumed  to  be  due  to  bond  failure  (Table 
25)  rather  than  material  cohesive  properties. 
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A plot  of  average  shear  stress-strain  curves  for  Sierracln,  Inc., 

S-120  polyurethane  Interlayer  material  (Z7942633-625  specimen)  at  two 
temperature  conditions  is  presented  In  Figure  84.  The  plot  denotes  a 
large  loss  In  strength  at  190°F.  Since  a bond  failure  mode  is  evident 
per  Table  25  for  this  material  at  all  test  temperature  conditions  these 
results  are  assumed  to  be  due  to  bond  failure  and  do  not  reflect  the 
material  cohesive  properties. 

A plot  of  average  shear  stress-strain  curves  for  Sierracin  S-130 
co-polymer  interlayer  material  (Z7942633-625  specimen)  is  presented  in 
Figure  85.  The  plot  illustrates  the  loss  in  strength  with  gain  in 
elongation  at  190°F  and  a gain  in  strength  with  a loss  in  elongation  at 
-30°F  when  compared  to  the  room  temperature  stress-strain  curve.  These 
results  agree  with  temperature  effects  at  low  strain  rates. 

A plot  of  average  shear  stress-strain  curves  for  Sierracin  S-100 
silicone  interlayer  material  (Z7942633-603  specimen)  is  presented  in 
Figure  86.  The  plot  illustrates  the  gain  in  strength  with  loss  in  elonga- 
tion at  -30°F  and  the  loss  in  strength  with  loss  in  elongation  at  195°F 
when  compared  to  the  room  temperature  stress-strain  curve.  These  results 
agree  with  temperature  effects  at  1 strain  rates. 

A plot  of  average  shear  stress-strain  curves  for  Swedlow  $S5272Y(HT) 
silicone  interlayer  material  (Z7942633-521 ) is  presented  in  Figure  37. 

The  plot  illustrates  the  large  gain  in  strength  with  a large  gain  in 
elongation  at  -30°F  and  a small  loss  in  strength  with  a small  loss  in 
elongation  at  190°F  when  compared  to  the  room  temperature  stress-strain 
curve.  These  results  do  not  agree  with  temperature  effects  at  low 
strain  rates  where  a loss  in  elongation  to  failure  at  -30°F  v;as  indicated. 
The  mechanism  that  caused  these  differences  was  not  investigated  as  it  was 
beyond  the  scope  of  this  program. 

Material  Comparisons 

A plot  of  average  shear  stress-strain  curves  at  75°F  for  the  five  inter- 
layer materials  is  presented  in  Figure  88.  The  plot  illustrates  the 
increased  shear  strength  and  elongation  capabilities  cf  polyurethane 
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Number  of  specimens  included  in  the  generation  of  data  presented. 


materials  and  Increased  strength  of  the  co-polymer  over  the  silicone 
materials  at  room  temperature  conditions.  The  plot  also  Illustrates  the 
differences  In  strength  and  elongation  capabilities  of  polyurethanes  and 
silicones  at  room  temperature  conditions.  These  comparisons  agree  with 
the  results  for  the  same  temperature  and  materials  at  low  strain  rates 
In  Section  VII. 

A plot  of  average  shear  stress-strain  curves  at  -30°F  test  condition 
for  four  Interlayer  materials  Is  presented  in  Figure  89.  The  plot 
Illustrates  the  increased  shear  strength  capabilities  of  the  co-polymer 
(S-130)  and  polyurethane  (PPG-112)  over  the  silicone  materials.  This 
plot  also  reveals  Increased  elongation  capabilities  of  the  co-polymer 
over  the  polyurethanes  at  these  test  conditions.  These  comparisons  do 
not  agree  with  results  for  the  same  temperature  and  material  at  low 
strain  rates  in  Section  VII.  The  mechanism  that  caused  these  differences 
was  not  investigated  as  it  was  beyond  the  scope  of  this  program. 

A plot  of  average  shear  stress-strain  curves  at  195°F  test  condition 
for  the  five  interlayer  materials  is  presented  in  Figure  90.  The  plot 
illustrates  the  increased  shear  strength  and  elongation  capabilities  of 
polyurethane  (PPF-112)  and  the  co-pol.vmer  material  as  compared  to  silicones, 
and  the  polyurethane  (S-120)  at  190°F.  These  comparisons  do  not  agree 
with  results  for  the  same  temperature  and  materials  at  low  strain  rates  in 
Section  VII.  The  mechanism  that  caused  these  differences  was  not  investi- 
gated as  it  was  beyond  the  scope  of  this  program. 

CONCLUSIONS 

Conclusions  based  on  data  contained  in  this  section  and  other 
applicable  data  are  contained  in  Section  XI  of  this  report. 
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PPG  INDUSTRIFS 
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Figure  83.  Shear  Average  Curves  - Temperature  Fffects. 
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Figure  84.  Shear  Average  Curves  - Temperature  Effects 
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Flnure  85.  Shear  Average  Curves  - Temperature  Effects. 
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Figure  87.  Shear  Averaoe  Curves  * Temperature  Fffects 
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Figure  88.  Shear  Average  Curves  - Material  Comparisons. 
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Flqure  89.  Shear  Averaqe  Curves  - Material  Comparisons 
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0.00  1.00  2.00  3.00  4.00  5.00  6.< 

SHEAR  STRAIN  (IN. /IN.) 

Figure  90.  ^hear  Average  Curves  - Material  Comparisons 


The  following  stress-strain  data  are  presented  for  use  In  conjunction 
with  tabulated  strength  data  presented  In  Table  25,  Page  383. 
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Figure  F3.  Shear  Average  Curve  (PPG  519  - 0.12  PPG  112  Interlayer) 
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Figure  F4.  Shear  Design  (B)  Curve  (PPG  519  - 0.12  PPG  112  interlayer). 
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Figure  F7.  Shear  Design  (C)  C 
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Figure  F8.  Shear  A ,/era 
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Figure  F13.  Shear  Design 


3 - 0.12  SlOi  Interlayer) 


TEMP : 73°F 


SIILAR  STRAIN  (IN. /IN.) 

Fi^uie  FI 5 . Shear  Design  (c)  Curve  (SK603  - 0.12  S10  Interlayer). 
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Figure  F16.  Shear  Avera 
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Figure  FI 7 . Shear  A^er. 


Figure  F18.  Shear  Average 
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Figure  F19.  Shear  Design 
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Figure  F20.  Shear  Average  Curve  (SK625  - 0.03  SI 30  Interlayer) 
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Figure  F21.  Shear  Design 
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Figure  F 22.  Shear  Average  Curve  (SK625  - 0.03  S130  Interlayer) 
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Figure  F28.  Shear  Average 
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Figure  F26.  Shear  fesign  (c)  Curve  (SK625  - 0.03  S-130  Interlayer). 
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SECTION  XI 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  conclusions  and  reconmendatlons  are  based  on  data  and 
observations  on  this  program  as  well  as  data  previously  generated  by 
others . 


CORE  PLY  MATERIALS  - PROCESSED  POLYCARBONATE 
Temperature  and  Strain  Rate  Effects 

Figure  91  presents  average  tensile  stress-strain  curves  prepared 
from  tensile  test  data  used  In  Section  V and  Section  VIII  for  the 
development  of  specific  design  data.  The  test  temperatures  and  strain 
rates  reflect  the  extreme  operating  environmental  conditions  of  the 
design  aircraft  transparencies.  It  was  concluded  that  processed  SL3000 
polycarbonate  sheet  maintains  sufficient  strength  and  ductility  to  be 
used  as  the  structural  core  ply  material  for  the  supersonic  aircraft 
transparencies  under  consideration. 
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Forming  Effects 

The  plots  of  average  tensile  true  stress-strain  curves  in  Section  V, 
Figure  29,  and  in  Section  VIII,  Figure  76,  show  test  results  for  formed 
(reduced  thickness)  and  non-formed  polycarbonate  materials  at  low  and 
high  strain  rates.  Formed  parts  with  thickness  reduction  above  10  per- 
cent appears  to  decrease  relative  toughness  and  mechanical  strength 
properties  at  low  strain  rates.  This  Is  possibly  due  to  residual  stresses 
within  the  part  due  to  forming.  The  reverse  seems  to  be  evident  at  high 
strain  rates  where  the  reduction  In  thickness  was  unknown.  This  was 
possibly  due  to  strain  rate  or  specimen  configuration  effects  (see  thick- 
ness effects)  where  the  thickness  reduction  was  less  than  10  percent.  It 
Is  recommended  that  further  high  strain  rate  testing  be  conducted  to 
verify  effects  on  polycarbonate  to  establish  a maximum  allowable  thinning 
of  a bird  proof  canopy.  It  Is  recommended  that  thinning  due  to 
forming  not  exceed  18  percent  based  on  this  analysis  and  prior  bird 
impact  tests  on^canopies. 

Material  Comparison 

The  average  tensile  true  stress-strain  curve  plots  in  Section  V, 

Figure  26,  and  In  Section  VIII,  Figure  77,  show  test  results  for  two 
processed  polycarbonates,  “SL3000"  and  "Tuffak".-  From  the  standpoint 
of  these  tests  and  for  the  purposes  of  this  program,  the  strength 
properties  are  considered  equivalent  and  the  materials  Interchangeable. 

Thickness  Effects 

The  average  tensile  true  stress-strain  curve  plots  in  Section  V, 

Figure  34,  and  In  Section  VIII,  Figure  75,  give  test  results  for  several 
thicknesses  of  material  at  identical  test  conditions  ft>r  low- and  high 
strain  rates.  At  low  strain  rates  an  increase  in  relative  toughness 
was  noted  for  the  thinner  test  specimens  at  all  test  temperatures,  and 
at  high  strain  rates  the  reverse  was  evidenced.  Since  high  strain  rate 
specimens  are  round  and  low  strain  rate  specimens  rectangular,  specimen 
configuration  may  have  effected  test  results.  From  previous  Investigations 
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Into  this  subject  (References  10  and  15)  and  based  on  these  test  results, 
it  appears  that  thickness  is  not  the  variable,  but  strain  rate  in  combination 
with  specimen  configuration.  Previous  Investigation  (Reference  10)  suggests 
an  optimum  testing  speed  for  Identical  test  results  within  these  thickness 
ranges  with  temperature  being  entered  as  the  variable.  It  is  recommended 
that  biaxial  stress  tests  at  high  strain  rate  be  conducted  to  establish 
the  optimum  laminate  core  ply  thickness  for  bird  st'I'o  resistance  at  a 
given  strain  rate  and  temperature  condition.  Tension-tension  biaxial  stress 
tests  would  provide  a test  more  representative  of  actual  stress  conditions. 
These  tests  have  been  accomplished  at  Terra  Tek  for  aluminum  alloy  per 
Reference  21. 

Service  Aging  and  Aerodynamic  Heating  Effects 

A comparison  of  impact  test  data  and  tensile  stress-strain  data  before 
and  after  thermal  treatment  and/or  storaae  as  contained  in  Section  IV  and 
other  data  (References  9 and  11)  show  that  mechanical  properties  of  poly- 
carbonate materials  are  affected  by  in-service  aaing  and  aerodynamic 
heating  above  176°F  (80°C).  The  thermal  processing  results  in  a decrease 
in:  impact  strength,  fracture  energy,  and  elongation  to  break.  There- 
fore, the  high-impact  properties  of  a newlv  made  polycarbonate  transoarency 
cannot  be  fully  utilized  for  aircraft  applications.  Other  materials  used 
in  the  construction  of  a laminated  transoarency  may  also  be  a *'*<  ed  by 
in-service  environmental  conditions.  Present  practice  for  ouai ’ficition 
testing  of  a transparency  design  and/or  materials  testing  does  not  reauire 
In-service  aging  and  simulated  aerodynamic  heating  effects  to  be  imparted 
to  the  test  material  and/or  transparency  prior  to  burst  pressure,  bird 
strike  and/or  material  tests.  It  is  therefore  recommended  that  considera- 
tion be  given  to  these  areas  in  future  design  qualification  tests  and/or 
material  testing  to  take  into  account  these  degrading  effects  of  in-service 
heating  and  aging  based  on  the  life  expectancy  of  the  transoarency. 

INTERLAYER  MATERIALS 
Material  Comparisons 

The  average  shear  stress-strain  curve  plots  for  material  comparisons  at 
low  strain  rates  are  presented  in  Section  VII,  Figures  53  throuah  55,  and 
at  high  strain  rates  in  Section  X,  Figures  S3  through  90. 
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At  low  strain  rate  test  conditions  (Figure  61  through  63)  it  is 
noted  that  polyurethane  (PPG-112)  Interlayer  material  is  superior  in 
load  carrying  and  elongation  capabilities  to  all  other  materials  at 
all  test  temperature  conditions. 

At  high  strain  rate  test  conditions  (Figures  88  through  90)  it  can 
be  noted  that  polyurethane  (PPG-112)  Interlayer  material  is  superior  in 
load  carrying  ability  at  room  temperature  and  at  the  low  temperature 
extreme  (-30°F)  test  conditions.  The  co-polymer  is  superior  In  load 
carrying  ability  at  the  high  temperature  extreme  (+190°F)  test  condition 
and  silicones  are  superior  to  all  other  materials  in  elongation  to 
failure  at  room  temperature  and  low  temperature  extremes  (-30°F).  Poly- 
urethane (PPG-112)  Is  superior  In  elongation  to  failure  at  the  high 
temperature  extremes  (+190°F). 

Figure  92  presents  average  shear  stress-strain  curves  prepared 
from  test  data  used  in  Section  VII  and  Section  X for  development  of 
specific  design  data  for  PPG-112.  The  test  temperatures  and  strain 
rates  reflect  the  extreme  operating  conditions  of  the  design  aircraft. 
Based  on  the  preceding  comparisons  and  the  overall  performance  of  PPG-112 
as  shown  In  Figure  92,  this  material  was  selected  for  use  In  the  laminated 
core  ply  design  transparency. 


Figure  92.  Shear  Strain  Rate  and  Temperature  Effects. 
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MATERIAL  DESIGN  ALLOWABLES 

The  processes  involved  in  manufacturing  transparency  materials 
and  the  processes  used  during  the  manufacture  of  a transparency  is 
proprietary  and  may  change  without  notice.  It  is  therefore  recommended 
that  sufficient  testing  be  initiated  by  design  specification  and/or 
material  specification  control  documents  to  provide  quality  control 
and  assurance  of  acceptable  strength  properties  in  the  finished  product. 

The  design  allowables  published  in  this  report  can  be  used  as  the 
minimum  acceptable  material  strength  property  for  design  and/or  material 
specification  control  testing  where  the  material  is  within  the  statistical 
population  of  the  design  allowable.  It  is  therefore  recommended  that  a 
sample  of  the  selected  processor  material  be  compared  to  test  material 
used  to  determine  design  allowables  by  methods  specified  In  Section  III, 
tests  of  significants. 

Intrinsic  viscosity  tests  are  used  by  industries  as  the  quality  control 
tool  for  determining  the  molecular  weight  spectrum  of  polycarbonate  resins. 
Mechanical  properties  can  be  correlated  to  specific  molecular  weight  or 
ranges  (Reference  4).  These  records  are  said  to  be  available  at  General 
Electric  Co.,  for  each  heat-lot  of  extruded  sheet  material.  It  is 
recommended  that  further  Investigations  be  maide  to  establish  intrinsic 
viscosity  limits  to  maintain  extruded  sheet  strength  properties  within 
design  allowable  limits  after  processing.  Extruded  sheet  records  can 
then  be  compared  to  established  viscosity  limits  to  determine  accepta- 
bility of  a heat-lot  of  material. 

Proposed  design  allowables  documented  In  this  report  are  presented 
for  general  Industry  use  and  are  submitted  for  consideration  of  inclusion 
In  MIL-HDBK-17.  It  Is  recommended  that  guidelines  for  the  preparation 
of  design  allowables  of  plastics  be  Included  In  this  document  similar 
to  that  outlined  for  metals  in  MIL-HDBK-5C. 
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TEST  OBSERVATIONS 


The  test  methods  described  In  this  report  proved  satisfactory  in  the 
establishment  of  design  mechanical  properties  for  the  transparency  materials 
tested  with  the  exception  of  the  torsional  shear  tests.  The  following 
recommendations  and  conclusions  are  based  on  observations  made  during  tests, 
and  from  a review  of  test  data. 

Low  Strain-Rate  Testing  (Douglas  Facility) 

Tensile  Tests 

Comparison  of  calculated  strain  data  of  known  strain  gage  length 
(tests  using  an  extensometer) , revealed  that  a large  error  existed  in 
strain  calculations  where  a measured  gage  length  was  used.  It  was 
determined  by  tests  that  the  specimen  measured  gage  length  must  be  doubled 
to  account  for  this  error.  It  is  therefore  recommended  that  an  extenso- 
meter or  other  means  to  determine  an  accurate  gage  length  be  used  for 
all  tensile  tests  of  polymer  materials. 

Low  strength  values  in  a series  of  tensile  tests  were  found  to  be 
attributable  to  edge  chipping  of  specimens  during  machining.  These 
defects  show  up  as  stress  risers  on  the  specimen  when  viewed  through  a 
polarascope.  It  Is  therefore  recommended  that  all  polycarbonate  machined 
parts  be  inspected  using  polarized  light.  These  defects  can  be  removed 
by  sanding  and  polishing  edges. 

Shear  Tests 

In  shear  testing  of  polyurethane  materials  at  75°F  and  -30°F  it  was 
found  that  ultimate  shear  loads  exceeded  the  bearing  strength  of  poly- 
carbonate face  plies  of  the  Z7942633-531  , and  -533  test  specimens.  It 
was  found  that  the  polyurethane  material  shear  area  had  to  be  reduced 
70  percent  to  eliminate  this  condition.  It  Is  therefore  recommended 
that  In  construction  of  shear  test  specimens,  the  polyurethane  material 
be  undercut  similar  to  the  high  strain  rate  specimens  Z7942633-519,  and 
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-625  so  that  the  ratio  of  bearing  area  of  polycarbonate  (A.  ) to. the  total 

D /A  b v 

shear  area  of  polyurethane  (A$)  be  equal  to  or  greater  than  .7^^-  > .7 J . 

Design  allowables  given  for  shear  tests  where  a bond  failure  node  is 
tabulated  do  not  reflect  the  true  strength  of  a material,  but  is  only 
indicative  of  the  adhesive  strength  of  a laminate.  These  materials  are 
not  recommended  for  structural  laminates  due  to  inconsistency  of  bonding 
processes  and  the  possibility  of  bond  deterioration  during  service.  It 
is  recommended  that  these  material  bonding  techniques  be  improved,  or  the 
interlayer  material  be  restructured  to  provide  a cohesive  failure  mode  and 
re-test  made  to  establish  design  allowables. 


Izod  Notch  Tests 

Test  results  we re  found  to  be  inconsistent  due  to  methods  used  in 
machine  operations.  To  provide  consistent  test  results  all  materials 
to  be  compared  should  be  machined  in  a single  setup  to  provide  the  same 
notch  configuration.  It  is  recommended  to  use  tensile  tests  for  a more 
consistent  method  in  determining  fracture  energy  for  comparison  of 
materials. 

High  Strain-Rate  Testing  (Terra  Tek  Facility) 

Tensile  Tests 

It  is  reconmended  that  a minimum  of  ten  (10)  tests  be  conducted  for 
each  material  and  test  condition  at  high  strain  rates  to  establish  design 
allowables.  This  requirement  is  based  on  the  many  recorded  test  failures 
due  to  instrumentation  failures,  specimen  failures,  and  the  large  deviations 
in  strain  rates. 


Discussion  of  Tension  Specimen  Failures  and  Related  Polymer  Fracture  Theory 

The  following  discussion  is  submitted  by  Terra  Tek,  Inc.,  to  provide 
an  explanation  for  the  brittle  fracture  mode  seen  in  tensile  tests  of 
polycarbonate  specimens  at  high  strain  rates  and  low  temperatures. 
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Fracture  Is  at  best  a complex  phenomenon  that  is  not  completely 
understood.  Fracture  Involving  macromolecules,  such  as  in  plastics,  is 
particularly  complex.  Depending  on  polymer  type,  temperature  of  testing, 
rate  of  loading,  environmental  conditions,  etc.,  deformation  loading  to 
failure  may  involve:  (1)  on  a macroscopic  scale,  brittle  fracture,  shear 
slippage  and/or  crazing,  (2)  on  a molecular  scale,  chain  slippage  result- 
ing from  breakage  of  secondary  bonds  and/or  primary  bond  scission  resulting 
in  rupture  of  the  long  polymer  chains  or  cross  links. 

The  properties  of  polymers  are  extremely  sensitive  to  loading  condi- 
tions. The  amount  of  variance  of  properties  is  usually  surprising  to 
those  who  have  not  made  such  measurements.  There  are  many  examples  in 
the  literature  to  which  the  reader  interested  in  more  detail  is  referred 
in  References  15  through  18.  It  is  not  uncommon  in  polymers  that  by 
varying  the  temperature  from  -50°F  to  100°C  and  the  frequency  over  four 
orders  of  magnitude,  the  shear  compliance,  or  modulus  varies  over  more 
than  three  orders  of  magnitude.  As  described  in  References  15,  16  and 
17,  a shift  in  time  will  produce  the  same  change  in  mechanical  properties 
(at  least  in  those  dependent  upon  the  rotational  movement  of  molecular 
segments)  as  will  a corresponding  change  In  temperature.  That  is,  in 
general,  a decrease  in  temperature  is  equivalent  to  an  increase  in 
loading  rate.  Formal  theories  and  models  of  this  phenomenon  have  been 
developed  and  are  sometimes  known  as  the  Wllllams-Landel -Ferry  (WLF) 
theory.  Yield  stress,  strain  at  fracture,  ultimate  strength  and  Indeed 
the  general  stress-strain  curve  are  drastically  altered  by  temperature 
and/or  loading  rate. 

Andrews  (Reference  16)  suggests  that  much  of  the  fracture  behavior 
of  polymers  can  be  explained  by  using  the  hypothesis  that  the  phenomenon 
of  yield  Is  Independent  of  that  of  brittle  fracture.  He  states,  for 
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example,  that  a satisfactory  explanation  of  the  transition  from  ductile 
to  brittle  behavior  (often  called  the  ductile-brittle  transition)  can  be 
deduced  from  the  fact  that  phenomena  of  brittle  fracture  and  yield  appear 
to  be  quite  independent,  and  that  which  of  these  occur  first  is  determined 
by  the  testing  conditions.  This  explanation  is  simply  that  at  any  tempera- 
ture the  material  has  both  a yield  strength  and  a brittle  fracture  strength 
which  both  vary  with  temperature.  The  yield  strength,  hov/ever,  is  often 
much  more  dependent  upon  temperature  than  the  brittle  strength.  This  is 
shown  schematically  in  Figure  93.  The  point  of  Intersection  between  the 
yield  strength  oy  and  the  brittle  fracture  strength  of  of  might  be  termed 
the  ductile-brittle  transition  temperature  T5.  Below  this  temperature, 
the  mater'il  will  embrittle  while  above  T5  fracture  will  always  be  ductile. 


For  some  polymers  T^  Is  quite  close  to  the  glass  transition  tempera- 
ture (Tg)  but  for  others  It  may  be  very  far  removed.  Tgt  it  may  be 
noted,  is  the  temperature  at  which  the  elastic  modulus  of  a polymer  shows 
an  abrupt  Increase  with  decreasing  temperature.  It  has  been  supposed 
by  some  that  this  high  modulus  alone  causes  a material  to  embrittle.  This, 
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however.  Is  a fallacy  since  many  polymeric  materials  are  ductile  well 
below  their  glass  transition  temperature.  Andrews  (Reference  16)  lists 
the  following  values: 


Vc 

T °C 
'b  1 

PMMA 

105 

45 

Polycarbonate 

150 

-200 

Rigid  PVC 

74 

-20 

Natural  Rubber 

-70 

-65 

Polystyrene 

100 

90 

Polyisobutylene 

-70 

-60 

It  should  be  noted  that  the  first  three  of  these  materials  have  T.  < T 

b g 

while  the  last  three  are  very  near  T . It  is  also  important  to  note  that 
these  Tg's  and  Tb's  are  for  slow  loading  rates;  both  temperatures  would 
generally  be  considerably  higher  at  increased  rates  of  loading. 

When  sample  failure  occurs  at  a point  on  the  tensile  stress-strain 
curve  where  the  stress  is  decreasing  from  its  maximum  value,  the  specimen 
under  test  is  often  found  to  have  some  local  reduction  in  cross-sectional 
area  until  fracture  occurs.  On  the  other  hand,  in  many  polymers  (par- 
ticularly those  that  can  exhibit  some  crystallization)  the  neck  may  run 
over  the  whole  gauge  length  of  the  sample.  This  process,  shown  schematically 
in  Figure  94  is  often  called  drawing  and  generally  involves  some  form  of 
cold  "strain  hardening"  since  the  reduced  cross-section  could  not  other- 
wise bear  the  full  load  on  the  specimen  while  the  larger  unoriented  part 
continued  to  be  drawn  out  into  the  smaller  sections.  Processes  similar 
to  this  area  are  used  to  produce  orientated  fibers  that  may  have  strengths 
nearly  on  order  of  magnitude  higher  than  unorientated  bulk  material. 

Whether  a specimen  will  fail  to  embrittle,  have  a sharp  neck  to  failure 
or  draw  depends  on  factors  such  as  loading  rate,  temperature  and  presence 
of  flaws.  Flaws,  whether  they  be  internal  flaw,  notches  on  the  surface, 
or  even  almost  microscopic  machine  marks,  can  have  a pronounced  effect  on 


fracture  behavior.  Mot  only  do  such  flaws  act  as  stress  rises  that 
increase  the  value  of  the  static  elastic  stresses  but  they  can  also  affect 
the  local  strain  rate.  For  example,  unnotched  specimens  tested  in  a 
Charpy  test  may  fracture  ductilely  with  the  absorption  of  a large  amount 
of  energy  from  the  striking  arm  while  a notched  sample  of  the  same  material 
tested  the  same  way  will  fracture  in  a brittle  manner  while  absorbing  very 
little  energy. 


Figure  94.  Stress-Strain  Curve  in  Cold  Drawing.  Inset  is  the 
Appearance  of  the  Test-Piece  Itself,  .(a)  Undrawn 
(b)  Drawn  Regions  Respectively.  From  Reference  16. 

The  topography  of  the  fracture  surfaces  for  the  samples  tested  in  the 
present  study  are  typical  of  these  reported  by  others  for  polymers. 

Wolock  and  Nev«ium  review  fractography  studies  in  Reference  19.  They  cite 
the  work  of  Sandman  (Reference  20)  who  examined  a large  number  of  fracture 
surfaces  produced  in  tensile  specimens  In  various  plastics  by  tension. 
These  surfaces  (and  the  ones  In  the  current  study)  where  characterized 
by  the  usual  mirror-like  area  surrounded  by  concentric  ribs  covered  with 
closely  packed  hyperbolic  "figures". 


Sandman's  analysis  (Reference  20)  revealed  that  the  portion  of  the 
surface  of  the  broken  section  containing  these  circular  ribs  can  be 
reduced  considerably  by  loading  at  a slow  rate.  It  is  even  possible  to 
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completely  eliminate  these  ribs  by  loading  at  very  slow  rates.  His  results 
are  shown  schematically  in  Figure  95. 


Very  slow  loadin'] 


0 5 h-]/»nm*/hr 


Figure  95.  Effect  of  Loading  Rate  on  Fracture  Surface  of  Glassy 
Polymers.  From  Reference  20. 


It  Is  interesting  to  compare  the  effects  of  changing  molecular  weight 
and  temperature  with  the  effect  of  rate  of  loading  on  the  nature  of  the 
fracture  surface.  Wolock  and  Newman  (Reference  19)  report  that  Increasing 
molecular  weight  Is  analogous  to  decreasing  loading  rate  as  far  as 
appearance  of  the  fracture  surface  goes.  When  the  molecular  weight  drops, 
the  surface  has  less  hyperbolic-figure  area  analogous  to  Increasing  the 
loading  rate.  The  explanation  Is  analogous  to  that  for  rate  effects. 
Quoting  from  these  authors,  "An  Increased  temperature,  consistent  with  Its 
effect  on  the  properties,  has  an  effect  on  the  fracture  surface  analogous 
to  decreasing  the  loading  rate  and  vice  versa". 
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Description  of  Observed  Fracture  Surfaces 

In  the  current  study  some  of  the  samples  tested  at  -30°F  were  observed 
to  fail  in  either  a comparatively  brittle  manner  with  little  or  no  necking 
while  others  exhibited  considerable  drawing.  Temperature,  loading  rate 
and  sample  material  were  as  near  the  same  as  possible.  The  exact  reason 
for  the  difference  in  behavior  is  not  known  with  certainty.  Photographs 
of  samples  of  both  types  are  shown  in  Figures  96  and  97.  In  either  case, 
the  final  fracture  surface  was  perpendicular  to  the  axis  of  the  tensile 
specimen;  that  is,  the  failure  occurred  across  the  plane  of  maximum  tensile 
stress. 

Micrographs  (obtained  with  a Unitron  series  N optical  metagraph) 
revealed  that  the  fracture  surfaces  were  very  different  for  these  two  types 
of  observed  behavior.  Figure  95  shows  a fracture  surface  typical  of  the 
samples  which  failed  with  almost  no  drawing.  Figure  96  is  typical  of 
the  -30°F  samples  that  exhibited  extensive  drawing  before  final-  fracture. 
Obviously  the  first  of  these  is  typical  of  high  loading  rate  fracture 
described  previously  while  the  latter  is  characteristic  of  a low-loaded 
rate  failure. 

The  big  question  Is  why  this  difference  in  behavior  for  samples  that 
are  supposedly  the  same  and  are  fractured  under  as  near  identical  conditions 
as  possible.  The  most  likely  explanation,  in  our  opinion,  is  that  the 
testinq  conditions  (high  strain  rate  and  low  temperatures)  is  approaching 
the  Tb  for  these  samples.  If  this  Is  the  case,  slight  differences  in 
specimens  and/or  testing  conditions  could  result  in  the  sample  falling 
to  either  side  of  the  transition  point.  Specimen  differences  that  might 
result  In  these  differences  in  behavior  Include  si ight  variations  In  com- 
position, orientation  (i.e.,  exactly  how  the  sample  was  cut  from  the 
material),  internal  flaws,  machine  marks  or  scratches  on  the  surface,  etc. 
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Figure  97.  Sample  That  Necked  and  was  Drawn  Over  Large  Part  of 
Gauge  Length  (x  40). 
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